Attenuation of hydrogen sulfide from landfill gas study and exploration of construction and demolition debris characteristics and production by Hrobak, Dan
University of New Hampshire
University of New Hampshire Scholars' Repository
Master's Theses and Capstones Student Scholarship
Winter 2009
Attenuation of hydrogen sulfide from landfill gas
study and exploration of construction and
demolition debris characteristics and production
Dan Hrobak
University of New Hampshire, Durham
Follow this and additional works at: https://scholars.unh.edu/thesis
This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has been
accepted for inclusion in Master's Theses and Capstones by an authorized administrator of University of New Hampshire Scholars' Repository. For
more information, please contact nicole.hentz@unh.edu.
Recommended Citation
Hrobak, Dan, "Attenuation of hydrogen sulfide from landfill gas study and exploration of construction and demolition debris
characteristics and production" (2009). Master's Theses and Capstones. 532.
https://scholars.unh.edu/thesis/532
ATTENUATION OF HYDROGEN SULFIDE FROM LANDFILL GAS STUDY AND 
EXPLORATION OF CONSTRUCTION AND DEMOLITION DEBRIS 
CHARACTERISTICS AND PRODUCTION 
BY 
DAN HROBAK 
B.S. Merrimack College, 2007 
THESIS 
Submitted to the University of New Hampshire 
in Partial Fulfillment of 
the Requirements for the Degree of 




UMI Number: 1481736 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 




Copyright 2010 by ProQuest LLC. 
All rights reserved. This edition of the work is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
This thesis has been examined and approved. 
Thesis Director 
Jenna R. Jambeck 
Research Assistant Professor of Civil 
Engineering 
M. Robin Collins 
Professor of Civil Engineering 
Jeffefri $meltdn 





It is a pleasure to thank those who made this thesis possible. First, I would like to 
show my gratitude to Dr. Jenna Jambeck, my advisor, who has worked with me since I 
came to the University of New Hampshire and has given me much support and guidance 
with my research. I would also like to thank Dr. Robin Collins and Dr. Jeffrey Melton 
for the example they set and taking time out of their busy schedules to be on my 
committee. 
I would like to thank Matt Farfor for the time he spent fixing things with my 
experiment and brainstorming ways to improve my research. In addition, I would like to 
thank Torr Harris, for helping out in the laboratory and doing field work. I really 
appreciate the help from them and those in the Environmental Research Group who have 
made suggestions throughout my research. 
I would also like to thank Waste Management and the Environmental Protection 
Agency for their financial assistance in my research. It was a pleasure researching 
projects for them and hopefully the work I did will help them in their pursuit of making 
the environment a better place to live. 
Finally, many thanks go to my family and friends. Their encouragement and 
support are much appreciated throughout my time at the University of New Hampshire. I 
could not have completed my thesis without them. 
in 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS iii 
LIST OF TABLES ix 
LIST OF FIGURES x 
ABSTRACT xii 
CHAPTER PAGE 
1. INTRODUCTION 1 
2. LITERATURE REVIEW 5 
2.1 Hydrogen Sulfide Characterization 5 
2.2 The Sulfur Cycle..... 6 
2.3 The Microbial Sulfur Cycle 8 
2.4 Health Effects of Hydrogen Sulfide 12 
2.5 Environmental Effects of Hydrogen Sulfide 14 
2.6 C&D Characterization 16 
2.7 Microbiology of C&D and Landfills 19 
2.8 Hydrogen Sulfide Control 26 
2.8.1 Adsorption Using Activated Carbon 27 
2.8.2 Adsorption Using Ash 30 
2.8.3 Chelated Iron Hydrogen Sulfide Removal 31 
2.9 Hydrogen Sulfide Prevention 32 
iv 
2.10 Materials Investigated 34 
2.10.1 Coal Bottom Ash 34 
2.10.2 Wood Char Ash 36 
2.10.3 Lo-Cat Residual/Elemental Sulfur 37 
2.10.4 Lime 38 
2.10.5 Zeolite 39 
3. METHODS AND MATERIALS 41 
3.1 Overview 41 
3.2 Materials 41 
3.2.1 C&D Fines 41 
3.2.2 Landfill Gas Experiment 41 
3.2.3 In-situ H2S Prevention 42 
3.2.4 In-situ H2S Regeneration 43 
3.3 Methods 44 
3.3.1. Landfill Gas Experiment 44 
3.3.1.1 Column Construction 44 
3.3.1.2 Column Operation 46 
3.3.1.3 Gas Analysis 47 
3.3.1.4 BET Analysis 47 
3.3.1.5 pH of Ashes 47 
3.3.2 C&D Fines Analysis 48 
3.3.2.1 Sulfate 48 
3.3.2.2. Moisture Content/Organic Carbon Content 48 
v 
3.3.3 Columns for Testing In-situ H2S Prevention 49 
3.3.3.1 Column Construction 49 
3.3.3.2 Parameters Measured 49 
3.3.3.2.1 Leachate 50 
3.3.3.2.2 Gas 50 
3.3.4 Columns for Testing Regeneration of H2S 50 
3.3.4.1. Column Construction 51 
3.3.4.2 Parameters Measured 51 
3.3.4.2.1 Leachate 51 
3.3.4.2.2 Gas 51 
4. RESULTS AND DISCUSSION 52 
4.1 Overview 52 
4.2 Ex-situ Landfill Gas Experiment 52 
4.2.1 pH Determination 52 
4.2.2 Surface Areas of Ashes 54 
4.2.3 Moisture Content of Ash Samples 55 
4.2.4 H2S Removal/Conversion 56 
4.2.5 Concentrations of Other Gases 61 
4.3 C&D Waste Analysis 62 
4.3.1 Overview 62 
4.3.2 Sulfate Content of C&D from C&D Processing Facilities 62 
4.3.3 Comparison of Sulfur Input from C&D Fines and Sulfur 
Output from H2S Gas at Several Landfills 64 
vi 
4.3.4 Moisture Content / LOI 68 
4.4 Investigation of Hydrogen Sulfide Production from Exhausted Materials 70 
4.4.1 Overview 70 
4.4.2 pH of Experimental Columns 70 
4.4.3 Oxidation Reduction Potential of Experimental Columns 72 
4.4.4 Dissolved Oxygen Concentration of Experimental Columns 74 
4.4.5 Sulfide Concentration and Sulfide Relationships of 
Experimental Columns 75 
4.4.6 Hydrogen Sulfide Concentrations of Experimental Columns 78 
4.5 Examination of Materials Used for Hydrogen Sulfide Inhibition 80 
4.5.1 Overview 80 
4.5.2 pH of Experimental Columns 81 
4.5.3 Oxidation Reduction Potential of Experimental Columns 83 
4.5.4 Dissolved Oxygen Concentrations of Experimental Columns 84 
4.5.5 Sulfide Concentration and Sulfide Relationships of 
Experimental Columns 86 
4.5.6 Hydrogen Sulfide Concentrations of Experimental Columns 90 
5. CONCLUSION 93 
6. RECOMMENDATIONS IF RESEARCH WERE REPEATED 97 
LIST OF REFERENCES 98 
APPENDICES 104 
A. Experiment 1 Ex-situ Landfill Gas Experiment Results 104 
B. Experiment 2 C&D Fines Analysis-Results 109 
C. Experiment 3: Investigation of Hydrogen Sulfide Production from 
vii 
Exhausted Materials I l l 
D. Experiment 4: Examination of Materials Used for Hydrogen Sulfide 
Inhibition 125 
E. Instrument Precision and Accuracy 137 
F. Oxidation Reduction Potential/pH Diagram for the Sulfur System 139 
v i n 
LIST OF TABLES 
Table 2.1 Exposure Threshold Responses on Humans 13 
Table 2.2 Typical C&D Sources 18 
Table 2.3 Adsorption Properties of Various Materials 28 
Table 3.1 H2S Prevention Experiment Column Contents 42 
Table 3.2 H2S Regeneration Experiment Column Contents 43 
Table 4.1 Ash pH Values 53 
Table 4.2. Moisture Content of Ash Samples 56 
Table 4.3 Comparison of Landfill Gas Samples.................................................56 
Table 4.4 Total Normalized Hydrogen Sulfide Attenuated 57 
Table 4.5 Concentrations of Other Gases of Concern at the Landfill Gas Well and 
at the Sampling Port of the Experimental Column 61 
Table 4.6 Percent Sulfur in H2S from C&D Fines 68 
Table 4.7 Moisture Content, Inorganic and Organic Carbon Contents of Analyzed 
C&D Fines 69 
IX 
LIST OF FIGURES 
Figure 2.1 The Sulfur Cycle 8 
Figure 2.2 Bacterial Sulfur Cycle 9 
Figure 2.3 Sulfur Assimilation 11 
Figure 2.4 Sulfur Reduction in a Concrete Pipe 16 
Figure 2.5 Composition of Municipal Solid Sanitary Landfill 22 
Figure 2.6 Landfill Gas Production by Phase 24 
Figure 2.7 Sulfate Concentration in Simulated Landfill Environment 25 
Figure 2.8 Adsorption Capacity of Activated Carbon at pH Values..........................30 
Figure 2.9 Lo-Cat H2S Removal .....32 
Figure 2.10 FLS Controls in Sewer Systems 34 
Figure 3.1a First Column Used for Landfill Gas Experimentation 45 
Figure 3.1b Second Column Used for Landfill Gas Experimentation 45 
Figure 3.2 Landfill Gas Experiment Set-up 46 
Figure 3.3 Column Used for H2S Prevention/Regeneration 49 
Figure 4.1 Surface Area of Ash Samples 55 
Figure 4.2 Percent Exhaustion of Ash Samples 58 
Figure 4.3 Sulfate Content at Various Facilities 63 
Figure 4.4 Comparison of Input of Sulfur from C&D Fines with H2S Concentration in 
Landfill Gas at Site 1 Landfill 66 
Figure 4.5 Comparison of Input of Sulfur from C&D Fines with H2S Concentration in 
x 
Landfill Gas at Site 2 Landfill 66 
Figure 4.6 Comparison of Input of Sulfur from C&D Fines with H2S Concentration in 
Landfill Gas at Site 3 Landfill 67 
Figure 4.7 pH of Leachate from Experimental Columns 71 
Figure 4.8 Oxidation Reduction Potential of Leachate from Experimental Columns 73 
Figure 4.9 Dissolved Oxygen of Leachate from Experimental Columns 74 
Figure 4.10 Sulfide Concentrations of Leachate from Experimental Columns 76 
Figure 4.11 Sulfide andpH Relationship of Experimental Columns 77 
Figure 4.12 Sulfide and ORP Relationship of Experimental Columns 78 
Figure 4.13 H2S Concentrations of Experimental Columns 79 
Figure 4.14 pH of Leachate from Experimental Columns.....................................82 
Figure 4.15 Oxidation Reduction Potential of Leachate from Experimental Columns....84 
Figure 4.16 Dissolved Oxygen of Leachate from Experimental Columns 85 
Figure 4.17 Sulfide Concentrations of Leachate from Columns 88 
Figure 4.18 Sulfide and pH Relationship from Leachate of Columns 88 
Figure 4.19 Sulfide and ORP from Leachate Relationship of Columns 90 
Figure 4.20 H2S Concentrations of Experimental Columns 92 
XI 
ABSTRACT 
ATTENUATION OF HYDROGEN SULFIDE FROM LANDFILL GAS STUDY AND 
EXPLORATION OF CONSTRUCTION AND DEMOLITION DEBRIS 
CHARACTERISTICS AND PRODUCTION 
By 
Dan Hrobak 
University of New Hampshire, December 2009 
Hydrogen sulfide (H2S) has become recognized as a problematic gas emitted from 
landfills. Sulfate, which can produce H2S in a landfill, is in drywall in construction and 
demolition (C&D) debris and sometimes products or recycling. This research consisted 
of examining alternative treatment of H2S gas at landfills, input/output of sulfur at 
landfills and generation/prevention of H2S in the landfill setting using C&D. In this 
research, four ashes were tested with landfill gas to investigate H2S attenuation, the 
highest attenuation reached was 73.8mg of H2S per gram of ash. In addition, these 
exhausted ashes, as well as sulfur cake were placed in a landfill simulated environment to 
investigate if they could regenerate H2S and from the results, appears that sulfur cake is 
most likely to regenerate H2S. The experiment involving the prevention of H2S showed 
that it is unclear whether these materials have the ability to inhibit the production of H2S. 
CHAPTER 1 
INTRODUCTION 
Hydrogen sulfide (H2S) production from construction and demolition (C&D) 
landfills as well as from municipal solid waste (MSW) landfills has become increasingly 
recognized as an environmental problem in recent decades. Hydrogen sulfide is produced 
from sulfate containing materials in a landfill, which can include gypsum drywall in 
C&D debris and sewerage sludge. C&D debris is generated from the construction, 
demolition or repair of buildings roads and bridges. The composition of C&D debris is 
primarily wood, asphalt, masonry and drywall. Other materials present are a function of 
what kind of structure is producing the debris (ICF Inc, 1995). The drywall component 
has been recognized as the major source of H2S as it contains gypsum (CaS04). Under 
anaerobic conditions present at a landfill, the gypsum dissociates into calcium and sulfate 
when introduced to water, which is also present. The sulfate is then reduced to H2S by 
sulfate reducing bacteria (SRB) that use the sulfate as an electron acceptor (Plaza et al, 
2007). More details of this process will be discussed later in this thesis. 
Regulations have been promulgated at both the state and federal level for C&D 
and MSW landfills. Appropriate regulations for construction, groundwater and air 
quality monitoring, as well as operation are in place to ensure that potential contaminants 
do not cause harm to humans or the environment (ICF Inc, 1995). For the purposes of this 
research, emissions of H2S are the primary chemical concern. 
The health effects of H2S are recognized by the EPA and various international 
organizations. Although H2S in the gaseous form is easily detectable at concentrations as 
low as 0.01 lmg/m3, at concentrations greater than 700mg/m3 it can cause eye damage, 
dizziness, olfactory paralysis, respiratory distress and even death. Incidents of death have 
been recorded in confined spaces and the effects of hydrogen sulfide can be seen in only 
one or two inhalations of the gas (US EPA, 2003). 
Other than health issues, H2S emissions from landfill gas is undesirable because it 
has an offensive odor, causes corrosion and produces sulfur oxides (SOx) if/when it is 
flared. H2S has a distinct "rotten egg" odor that can be detected at concentrations as low 
as 0.5 ppm (US EPA, 2003). Because H2S in the aqueous form is corrosive, it has the 
potential to damage metal pipes and structures involved with landfill gas management. 
Moreover, if the landfill gas is used for energy production at landfills, the concentration 
needs to be reduced because of its corrosive nature. If H2S does get flared, it oxidizes to 
sulfur dioxide S02 and enters the atmosphere in this form. According to Cooper and 
Alley (1994), this negatively affects plants resulting in them to lose chlorophyll and SO2 
also may produce a sulfuric deposit, commonly known as acid rain, which also has 
harmful environmental effects. 
Therefore, the source reduction of materials that tend to produce H2S has become 
increasingly incorporated in practice and policy. There are facilities operating that 
recycle C&D debris, but having a byproduct of C&D fines is inevitable. As mentioned, 
this debris will likely contain gypsum (unless drywall is removed upfront of processing), 
which can produce H2S in an environment such as a landfill. So, in order to find an 
appropriate disposal for the C&D fines as well as to find an inexpensive alternative daily 
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cover (ADC), landfill operators were inclined to use the C&D fines. Increasingly with 
further studies showing the aforementioned problems associated with disposing of the 
C&D fines in this manner, states in the northeast part of the United States, as well as in 
other areas of the country, have banned C&D fines in landfills. Consequently, further 
management and disposal methods of C&D fines need to be pursued. 
Industrial materials, such as ash, have been were examined in this research to 
determine if they can attenuate H2S in landfill gas (Melendez, 2008). It has been 
hypothesized and a preliminary investigation completed that different industrial/recycled 
materials have the potential to attenuate H2S (Melendez, 2008). In addition, activated 
carbons such as bituminous coal, wood, coconut shells, and peat have been tested as 
sorbents of hydrogen sulfide gas (Bandosz, 2002). Despite not having consensus on the 
mechanism for the sorption of H2S, it is believed that adsorption may play the largest role 
in attenuation. Physical, or Van der Waal's, forces cause the H2S(aq) to dissociate on the 
water surface of the carbon adsorbent. The H2S dissociates to HS" and elemental sulfur 
(Bandosz, 2002). 
This research also involved the analysis of sulfate content in C&D debris fines 
produced from different facilities. The relationship between the sulfate content from 
different facilities as well the H2S produced from these facilities will be presented and 
discussed. 
Another aspect of the research was to evaluate if the disposal of spent material 
used for H2S adsorption regenerates H2S. It is possible that the H2S attenuated may 
chemically transform to a different sulfur chemical during the adsorption process. 
However, there may be potential for the material containing the adsorbed sulfur 
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compounds back into a reducing environment (such as a landfill) may degrade the sulfur 
compound back in H2S. Therefore, an experiment was conducted to simulate a landfill 
environment where the exhausted media (having attenuated H2S) would be introduced to 
reducing conditions. 
A final experiment conducted for this research investigated whether various 
materials could be mixed with the fines (e.g., used as ADC) determine if H2S production 
can be hindered or prevented if disposed of in a landfill environment. As will be 
discussed further in this paper, the methods for the prevention of H2S production include 
pH alteration, oxidation and adsorption. 
This paper is divided into five chapters. Chapter 1 contains the introduction. 
Chapter 2 consists of a literature review. Chapter 3 contains a description of materials 
and methods while Chapter 4 presents the results and discussion. Finally, Chapter 5 




2.1 Hydrogen Sulfide Characterization 
Hydrogen sulfide, (H2S), in the gaseous form is colorless and has a "rotten egg" 
odor. It is also known as stink damp, sour gas, sewer gas and hydrogen sulfuric acid (US 
EPA, 2003). Hydrogen sulfide is composed of two hydrogen atoms and one sulfur atom 
and has a structural formula of H-S-H. It also has a molecular weight of 34.08. H2S is 
soluble in water between 0.5mg/L and 1 .Omg/L and soluble in other liquids as well. The 
solvents in which H2S is soluble are alcohol, glycerol, ether, kerosene, crude oil and 
carbon disulfide. In addition, the Henry's constant for this gas is 468 atm/mol (ASTDR, 
2006). A H2S concentration in the air between 4% and 45% is found to be flammable 
and can also be explosive (ASTDR, 2006). In the aqueous form, of the three sulfur 
species, S ", HS" and H2S, H2S is the typical sulfur species at a pH lower than 
approximately 7. At a pH greater than 7, the dominant sulfur species would be HS", and 
at a pH greater than 12.92, the dominant sulfur species would be S ". H2S can be 
corrosive as well, when it dissolves into water and reacts with oxygen. It forms sulfuric 
acid (H2S04) with oxygen, which has the tendency to attack metals (Benjamin, 2002). In 
addition, H2S is 0.2 times heavier than air (ATSDR, 2006). Therefore, H2S(g) will tend to 
migrate to ground level in the presence of air. 
5 
This gas is found in nature from volcanic activities, hot springs, petroleum and 
hot springs. In addition, H2S is produced from the breakdown of organic matter as well 
as from many different industrial activities. These industrial activities include petroleum 
refineries, coke ovens, tanneries, food processing facilities and paper mills (ASTDR, 
2006). H2S can also be measured in biological samples including human breath, animal 
tissue (although it does not tend to bioaccumulate), blood and saliva (ASTDR, 2006). 
2.2 The Sulfur Cycle 
Sulfur, in all its forms, is the tenth most abundant element in the earth's crust and 
accounts for about 1% of the dry weight of bacterial cells. In general, sulfur is cycled 
between sulfate (SO4 ") with a +6 oxidation state, and sulfide (S ") with a -2 oxidation 
state. Sulfur is required in certain vitamins, hormones and coenzymes. Sulfur is also is 
necessary for cells to synthesize amino acids cysteine and methione (Maier et al., 2000). 
Sulfur enters the environment through volcanic releases primarily in the form of 
sulfur dioxide (SO2) and COS as seen in Figure 2.1. In addition, sulfur can also enter the 
atmosphere in the form of H2S. These chemicals often become dissolved in the ocean and 
aquifers in the form of metal sulfides and metal sulfates, respectively. A majority of the 
sulfides and sulfates are converted into rock while much of the remainder dissolves in the 
ocean or enters a soil environment. The sulfur that enters the ocean and soil is used as 
nutrients for microbes that exist in those environments. A third place to where the sulfur 
from volcanic gases travels is the atmosphere. The sulfur compounds tend to stay in the 
atmosphere for short periods of time (days). The sulfur compounds are also either 
precipitated out or fall out, if they are particulates. In the atmosphere, sulfur gases that 
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do not precipitate and that cycled back are present. The sulfur gases in the atmosphere 
are oxidized to a soluble sulfate form. The majority of this sulfur in the atmosphere is 
SO2, with half being anthropogenic. Another portion consists of H2S and is mainly from 
biological activity (Dobrovolsky, 1994). 
Of the reservoirs where sulfur is present (atmosphere, ocean and land), the earth's 
crust, contains the largest amount of sulfur (1.8 x 10 metric tons). The sulfur deposits 
exist mainly in the form of inert sulfur compounds including pyrite, FeS2, and gypsum, 
CaS04 as well as sulfur used as fossil fuels (Dobrovolsky, 1994). In addition, soil will 
absorb sulfur, mainly in the form of elemental sulfur. Because H2S is soluble in water 
and oil, H2S has the tendency to enter groundwater or surface water and travel long 
distances (ASTDR, 2006). 
As previously mentioned, a large amount of sulfur is present in the ocean, on the 
order of about 1.2 x 1015 metric tons. As one can see from Figure 2.1, the sulfur present 
in the ocean is mostly inorganic ions, primarily sulfate. The sulfur is slowly cycled there 
and is more rapidly cycled in the biomass that exists there (Dobrovolsky, 1994). The half 
life of H2S in marine environments in biomass is anywhere from one to several hours. 
This is due to marine organisms degrading H2S to elemental sulfur. In addition, in these 
environments, H2S has the ability to be adsorbed onto clay and organic matter (ASTDR, 
2006). 
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Figure 2.1 The Sulfur Cycle 
(http: //tel star, ote. emu. edu/environ/m3/s4/cycle Sulfur, shtml) 
2.3 The Microbial Sulfur Cycle 
Sulfur often is transformed into different electron states and compounds by 
microbial activity. Sulfur can either be oxidized in the presence of oxygen, or reduced 
under anaerobic conditions. If the environment is anaerobic, then reduction will occur 
and SO4 " can be reduced all the way to H2S, if other environmental factors are favorable. 
The opposite can occur in an aerobic environment, as microbes can oxidize H2S to SO42" 
(Fenchel et al., 1998). 
In sulfur oxidation, H2S first has to be oxidized to elemental sulfur by a 
specialized group of microbes. Typically, H2S is toxic to most animals and plants, except 
ruminant animals. Oxidation can occur in either an aerobic or anaerobic environment. 
In aerobic environments, Thiobacillus and other bacteria will oxidize H2S to elemental 
sulfur and sulfate (Fig. 2.2) (Postgate, 1984). These bacteria are chemoautotrophs as 
they get their energy from oxidizing molecules, and they exist at the interface of H2S and 
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O2. They can be found in environments like swampy soil, mud, and acidic mine waters, 
(Germida, 1998). 
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Figure 2.2 Bacterial Sulfur Cycle (Postgate, 1984) 
Beggiatoa, a chemoautotroph, will oxidize H2S to elemental sulfur at the interface 
of O2 and H2S. This type of bacteria is also microaerophilic in that it thrives in 
environments with low oxygen tension, such as marshes. When in this environment, the 
microbes will convert oxygen and H2S to elemental sulfur and water as seen in Eq. 2.1. 
The environments in which these organisms live contain black deposits due to the 
presence of elemental sulfur (Maier et al., 2000). 
H2S + O.5O2 -»• S° + H20 (Eq.2.1) 
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Thiobacillus, well as other chemoautotrophs, will reduce sulfur to sulfate, as seen 
in Eq. 2.2. This organism produces acid and thus thrives in environment with a pH as 
low as 2 (Maier et al., 2000). However, sulfur oxidation can take place where the pH is 
as high as 9.0 and tends to decrease as different oxidizing steps occur (Postgate, 1984). 
Sulfur reducing bacteria and iron-oxidizing bacteria are responsible for producing acid-
mine drainage as well as recovering precious metals from low grade ore in a process 
called metallurgy (Maier et al., 2000). 
S° + 1.5 0 2 + H20 -»• H2S04 (Eq. 2.2) 
Sulfur can be biologically used in two different ways: assimilatory and 
dissimilatory. In assimilatory sulfur reduction, inorganic sulfate is reduced to protein, 
amino acids and other biological products. This can be done either aerobically or 
anaerobically (Postgate, 1984). Sulfate is used instead of sulfide because sulfide tends to 
be toxic to cells because it reacts with metals and forms metal-sulfide particles. These 
particles destroy cytochrome activity. Sulfide is more common for microorganisms and 
plants to incorporate into amino acids and other molecules which contain sulfur (Maier et 
al., 2000). 
The process in which assimilatory sulfate is reduced is done in several steps, 
which can be seen in Figure 2.3. The sulfate enters the cell and with adenosine tri-
phosphate (ATP) produces adenosine phosphosulfate (APS) and pyrophosphate (Ppi). 
The ATP and APS form 3-phosphoadenosine-5-phosphate (PAPS). After two more 
steps, H2S is produced and with the addition the amino acid serine, another amino acid, 
cysteine is produced. The sulfur can further be released from the organic molecules in a 
process called sulfur mineralization. In this process, the cysteine produced in 
10 
assimilatory sulfate reduction can be converted to H2S with the aid of the enzyme serine 
sulfhydrylase (Maier et al., 2000). 
Sulfur Assimilation: 
~ active _transport 
1. Sulfate (S04 ) (outside the cell) > Sulfate (inside the cell) 
ATP Sulfury las e . 
2. ATP + Sulfate > APS + Ppi 
3. ATP + APS APS-ph°*Ph°ki™ ) P A P S 
4. 2RSH + PAPS PAPS~^ductase > sulfite + PAP + RSSP 
Sulfite Reductase 
5. Sulfite + 3NADPH J " > H2S + 3NADP 
6. O-acetyl-L-senne + H2S =—-JL^L > L-cysteine + Acetate + H20 
Figure 2.3 Sulfur Assimilation (Adapted from Maier et al., 2000) 
In dissimilatory sulfate reduction, inorganic sulfur is the terminal electron 
acceptor, and the process occurs under anaerobic conditions. In this process, most of the 
reduced sulfur released is in the form of H2S and a smaller percentage is released in the 
form of sulfide (Postgate, 1984). Some of the sulfate is directly reduced to sulfite 
(SO3 "). This sulfite is converted to sulfide by enzymes in the bacteria, although most of 
it is excreted (Tang et al., 2009). However, an even smaller amount of the reduced sulfur 
is assimilated into the body of the organism for various biological activities. The process 
of sulfur dissimilation is analogous to the release of 0 2 from humans when they inhale 
C02 (Postgate, 1984). 
The bacteria responsible for this type of reduction are referred to as sulfate 
reducing bacteria (SRB). As one can see from Eq. 2.3, SRB use H2 as an electron donor 
11 
to reduce sulfate to sulfur (S "), and ultimately H2S (Maier et a l , 2000). SRB can also 
use organic compounds to reduce sulfate. These compounds include lactate, pyruvate, 
acetate as well as other carbon sources. They metabolize these carbon sources to produce 
water, CO2 and other products (Postgate, 1984). Furthermore, in environments such as 
landfills, SRB will compete with methanogens for H2. Methanogens and SRB as well as 
fermenters are part of a consortium that completely mineralizes organic compounds to 
produce C02 and CH4 (Maier et al., 2000). 
4H2 + SO42" -* S2" + 4H20 (Eq. 2.3) 
2.4 Health Effects of Hydrogen Sulfide 
As previously mentioned, the EPA and other international organizations recognize 
the negative health effects caused by exposure to H2S. People are most often exposed to 
H2S when working with petroleum, natural gas, sewer gas, soil or chemical reactions 
involving H2S (U.S. EPA, 2003). There are several ways in which the H2S can enter the 
human body and cause harm; they include inhalation, contact with the skin or eyes, and 
ingestion. This gas can also be detected at concentrations as low as 0.5 parts per billion 
(ppb). In addition, if H2S is breathed in for 2 to 15 minutes at concentrations of 100 parts 
per million (ppm) then the olfactory glands of the nose become desensitized and the smell 
is no longer noticeable (ASTDR, 2006). This also occurs at a concentration of an excess 
of 140 mg/m3, as lppm H2S in air is about 1.4mg H2S in m of air and can be seen in 
Table 2.1 (Selene and Chou, 2003). 
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Acute exposure to H2S is primarily a concern in terms of inhalation and the gas 
coming in contact with the eyes. Contact with the skin can cause frostbite only if the H2S 
is in liquid form, which occurs below a temperature of -60°C. Ingestion also is not of 
concern for the same reason. However, short term exposure to H2S is of concern if 
inhaled because inhaling H2S can cause headaches, dizziness, nausea, a sore throat, and 
delayed lung edema. In addition, exposure to high concentrations (greater than 500ppm 
or about 700mg/m ) can lead to unconsciousness and death, which can also be seen in 
Table 2.1 (ASTDR, 2006). 
Table 2.1 Exposure Threshold Responses on Humans* 
-2 










Effect / observation 
Odor threshold 
Bronchial constriction in asthmatic 
individuals 
Increased eye complaints 
Increased blood lactate concentration, 
decreased skeletal muscle citrate synthase 
activity, decreased oxygen uptake 
Eye irritation 
Fatigue, loss of appetite, headache, 




*From Selene and Chou, 2003 
The Agency for Toxic Substances and Disease Registry has noted the long-term 
effects of H2S exposure as well. For example, there are cases where chronic headaches, 
short attention span, memory loss and poor motor function persists in individuals who 
have been exposed to H2S (ASTDR, 2006). Also, as previously mentioned, the EPA has 
studied both the carcinogenic and noncarcinogenic effects of H2S. The noncarcinogenic 
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effects have been analyzed to see if a reference dose for chronic exposure (RfD) can be 
determined. The RfD is a threshold where the substance can be consumed without 
negative noncarcinogenic effects. The last agreed upon RfD for H2S from the EPA was 3 
x 10" mg of substance per kg of body weight per day based on gastrointestinal 
disturbance. This value was from a study in 1964 where pigs were used as test subjects. 
Because the RfD value was found to be irreproducible, the RfD was deemed 
inappropriate and the EPA is working on updating this value (ASTDR, 2006). 
The EPA also has tried to find a reference concentration for chronic inhalation 
exposure (RfC) for H2S. The RfC is similar to the RfD as the RfC is a limit of daily 
exposure of a substance where toxic effects such as cellular necrosis will occur in 
•J T 
humans. The RfC for H2S is 2 x 10" mg HbS/m of air. This was based on a study on 
nasal lesions on rats done in 2000. This had to be extrapolated to humans and therefore 
an uncertainty factor of 300 has been applied (U.S. EPA, 2003). 
The EPA also has not been able to submit a carcinogenic assessment for lifetime 
exposure to H2S. Data that the EPA has found was deemed to be insufficient to 
determine whether H2S has any carcinogenic effects when the EPA last updated its data 
on H2S (U.S. EPA, 2003). In addition, other agencies such as the Department of Health 
and Human Services as well as the International Agency for Research on Cancer have 
also not been able to find sufficient data to determine whether or not H2S is carcinogenic 
(ASTDR, 2006). 
2.5 Environmental Effects of Hydrogen Sulfide 
There are also environmental concerns when H2S is emitted in the atmosphere. 
The problem arises from the fact that sulfur oxide (SO2) is produced when H2S is emitted 
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into the atmosphere and when H2S is burned at a site such as a landfill. SO2 is known to 
cause loss of chlorophyll in plants as well as produce an acidic deposition known as acid 
rain (Cooper and Alley, 1994). The SO2 reacts with water in the air to produce sulfurous 
acid (H2SO3) as seen in Eq. 2.4 (Maier et al., 2000). 
S02(g) + H 2 0 ^ H2SO3 (Eq. 2.4) 
A low pH can be extremely harmful to aquatic environments and stone buildings 
and structures. The pH of acid rain from sulfuric acid can reach as low as 3.5 (Maier et 
al., 2000). There are even lakes that have become so acidic from acid rain that fish can 
no longer live there. At a pH of 5 or lower, many different fish eggs cannot hatch. A low 
pH can also cause the soils of the lake to leach out harmful metals and toxins such as 
aluminum which can harm nearby plant life (U.S. EPA, 2008a). 
Bacterial production of acidic metabolites has also shown to cause concrete 
corrosion. Sulfur oxidizing bacteria tend to produce metabolites, such as organic acids, 
through fermentation processes. This type of activity often occurs in concrete sewer 
pipes. In the liquid environment in these pipes, the sewage provides an anaerobic 
environment with sufficient organic matter such that the SRB can produce sulfide. 
Ensuing this, the sulfide will volatize to the form of H2S upon entering the liquid-water 
interface. The H2S oxidizes to sulfuric acid in the presence of sulfur oxidizing bacteria 
that colonize along the concrete walls in the aerobic area in the head space of the pipe. 
The sulfuric acid reacts with the calcium hydroxide [Ca(OH)2] binder in the concrete to 
produce calcium sulfate (CaSO/j) and water as seen in Eq. 2.5 (Maier et al., 2000). 
H2SO4 + Ca(OH)2 -^CaS04+2H20 (Eq. 2.5) 
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Because of this reaction, the pH of the moisture in the corroded concrete can 
reach as low 2. In addition, it has been found that the bacteria responsible for this type of 
corrosion, T. thiooxidans, exist in populations of 100,000 cells per gram of concrete. 
Because of these bacteria, corrosion of concrete can occur at rates of 4.3 to 4.7 mm 
annually (Figure 2.4). Corrosion at this rate can reduce the life expectancy of sewer 
pipes to about 20 years (Maier et al., 2000). However, it was noted that by the addition 
of fly ash in concrete, the sewer pipe can last between 90 and 160 years (Zhang et al., 
2008). 
Figure 2.4 Sulfur Reduction in a Concrete Pipe (Adapted from Maier et al, 2000) 
2.6 C&D Characterization 
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Construction and demolition (C&D) debris degradation at landfills is deemed to 
be a responsible for much of the H2S produced at landfills (Lee et al., 2006). C&D debris 
is produced as a result of the construction, renovation or demolition of residential and 
nonresidential structures. Typical sources of C&D debris include building construction, 
building construction and demolition, demolition of physical facilities including concrete 
structures, excavation/leveling, heavy construction, human made disasters 
(terrorism/sabotage), natural disaster, road construction and site clearing. These are 
considered nonhazardous waste and often landfilled with municipal solid waste (MSW) 
along with municipal sludge, combustion ash, automobile bodies, etc (Tchobanoglous 
and Kreith, 2002). 
A large percentage of C&D is considered rubbish (concrete, asphalt, bricks and 
dirt), between 20 and 30 percent is wood and wood related products and the other 20 to 
30 percent is miscellaneous materials such as metals, glass, tar based materials, etc . 
These values can vary based on geographic location, type of construction project and 
different construction practices (Tchobanoglous and Kreith, 2002). A similar 
classification of the different sources is seen in Table 2.2 below. This was produced by 
the EPA and essentially distinguishes what the miscellaneous materials are (U.S. EPA, 
2007) 
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Table 2.2 Typical C&D Sources* 
Source Percent 
Concrete and mixed rubble 40-50 
Wood 20-30 
Drywall 5-15 




*(U.S. EPA, 2007) 
In addition, the EPA estimates that 136 million tons of building related C&D are 
produced annually as of 1996. This can be normalized such that on average, each person 
produces about 2.8 pounds per day (U.S. EPA, 2007). It also has been determined that 
48% of the debris is from building demolition, 44% come from renovations and new 
construction is responsible for 9% of the total. It is also estimated that total amount of 
noncommercial C&D debris can be normalized to about 2.0 pounds per person per day. 
Assuming a population of about 300 million, this would indicate that the U.S. produces 
over 100 million tons annually (Tchobanoglous and Kreith, 2002). 
Often, the C&D debris is sent to processing facilities in order to dispose of the 
C&D debris in a more environmental friendly and more inexpensive way than simply 
placing the C&D waste directly into a MSW landfill or a C&D landfill. The processing 
facilities split the stream of waste into different categories so that much of the C&D 
debris can be beneficially used or recycled. Wood, like other materials mentioned in 
Table 2.2, is often separated from the remainder of the waste. A byproduct of these 
facilities is a screened material, termed "C&D fines" in the Northeast, containing mostly 
soil and pieces of building material, including drywall. These fines are often used in 
MSW landfills as alternative daily cover to abate vectors, fire, odor and scavenging. 
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Additionally, these fines can be used for final cover or shaping and grading purposes. 
Concerns about these fines causing health and odor issues have led some states to 
regulate the use and disposal of C&D fines (Musson et al., 2007). 
Apart from the aforementioned H2S health concerns of C&D debris, another one 
of the health concerns with C&D debris is the presence of heavy metals. There are three 
health concerns of heavy metals with C&D fines, according to Townsend et al. (2004). 
These concerns include the contaminants in the debris, hazardous materials (lead-based 
paint and treated wood - although much of this is to be removed before processing) and 
the potential for leaching out contaminants (Townsend et al., 2004). 
However, the EPA does not regulate C&D debris as a hazardous waste or solid 
waste under the Resource Conservation and Recovery Act - it is defined and regulated at 
the state level. Although if the C&D is deposited in a MSW landfill or in a landfill where 
waste is accepted from conditionally exempt small quantity generators(CESQG), then the 
landfill is to meet the requirements promulgated under RCRA subtitle D (Tchobanoglous 
and Kreith, 2002). Because nonmunicipal landfills were exempt, the Sierra Club sued the 
EPA (1CF Incorporated, 1995). Therefore, as of July 1, 1996, nonmunicipal landfills that 
receive CESQC waste were also required to follow technical guidelines. These 
guidelines include local restrictions, groundwater monitoring, as well as corrective action 
standards (Federal Register, 1996). 
2.7 Microbiology of C&D and Landfills 
As previously mentioned, one component of C&D debris is drywall. Drywall is 
composed of about 90% gypsum (calcium sulfate) and about 10% paper on the back and 
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front (Musson et al., 2008). The gypsum is relatively soluble at about 1300mg/L (Lee et 
al., 2006). The presence of gypsum can pose a problem at landfills. Anywhere from 
1.5-9.1% of the mass of C&D debris is sulfate (Jang and Townsend, 2001). A high 
presence of sulfate can be an obstruction to the production of methane (CH4) at landfills. 
CH4 is often used as a form of energy at landfills. Currently, 420 landfills are using CH4 
in the landfill gas to produce energy (U.S. EPA, 2008b). 
The sulfate in landfill has the potential to divert available electrons to sulfate 
reduction, as opposed to methanogenesis (Palmisano and Barlaz, 1996). This was further 
reaffirmed as a study was conducted using multiple-linear regression to see which 
environmental factors have an impact on methane production. Of the ten factors, 
moisture content, sulfate, nitrogen and cellulose to lignin ratio were deemed to be 
significant. This study suggests that sulfate reducing bacteria (SRB) may outcompete 
the methanogenic bacteria to electron donors like hydrogen and acetate, while other 
electron donors such as methanol remain unaffected by the sulfate (Gurijala et al., 1997). 
However, this theory has been disproved by a study conducted on wastes 
containing calcium sulfate (Fairweather et al., 1998). SRB require an anaerobic 
environment, and a relatively neutral pH. In addition, it is suggested that a sulfate 
electron acceptor and organic carbon are necessary (Postgate, 1984). It appears that the 
presence of sulfate does not limit production of methane in refuse with plentiful organic 
carbon. This was shown through the expected organic carbon, cellulose, to be converted 
to methane does not change even with sulfate added. According to this study, between 
2.9 and 7.0 times more cellulose was biodegraded by methanogens compared to SRB 
(Fairweather et al., 1998). Although H2S production from sulfate may occur in small 
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pockets of the landfill, the production may be attributed to the waste containing higher 
concentrations of sulfate, preferential paths for the gas to travel (if data is taken by gas 
samples), moisture content and the composition of other waste and soil (Lee et al., 2006). 
The introduction of a large concentration of sulfate indicates the ability for SRB 
to thrive in a landfill; it, however, does not imply that the dynamics of the microbial 
process of a landfill will necessarily be significantly altered. The substrates will still be 
introduced and through microbial degradation will occur in such a way that methane and 
byproducts will be the final result. While many different components are introduced into 
a landfill (Figure 2.5), the two principle decomposable components of a landfill are 
cellulose and hemicellulose, and to a lesser degree lignin. These decomposable materials 
are present in substances in such as paper, food scraps, yard trimmings and wood. The 
production of methane and pertinent to this paper, H2S, in landfills is said to be done in a 
take place in a bioreactor and experts have characterized this process in four phases 
(Palmisano and Barlaz, 1996). 
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Food Scraps 13% 
Other 3% 
Yard Trimmings 13% 
Wood 6% 1 
Rubber/Leaf. 
Textiles 8°. 
Plastics 12% Metals 8% 
Figure 2.5 Composition of Municipal Solid Sanitary Landfill (Adapted from U.S. 
EPA, 2007) 
When waste initially is put in a landfill, oxygen is present in void spaces and in 
the moisutre present in the refuse. In this first phase, aerobic degredation occurs as 
oxygen is converted to carbon dioxide (Eq 2.6) as microbes use the soluble sugars 
available as a carbon source (Palmisano and Barlaz, 1996). Nearly all gas in this phase is 
carbon dioxide. In addition, nitrate is consumed in this phase to nitorgen gas as seen in 
Eq. 2.7 (Barlaz et al., 1989). The organisms responsible for the degreadation are 
introduced into the landfill primarily through soil for daily and final cover, wastewater 
treatment plant sludge, and recycled leachate (Tchobanoglous and Kreith, 2002). 
C6H1206 + 602 -^6C02 + 6H20 
5C6H,206 + 24H+ + 24N03" H> 42H20 + 12N2 + 30CO2 




The second phase of landfill gas production occurs when the oxygen is depleted, 
leaving an anaerobic environment. CO2 gas is rapidly produced as well as peaks and H2 
gas is also produced in this phase, as seen in Figure 2.6. The time it takes for CO2 to 
peak varies between different landfills. Also in this phase, CH4 production does not 
occur yet. Studies have suggested that this is due to the need for adequate amounts of 
CO2 to be H2 acceptors. In addition, the pH decreases from about neutral to below 6.0. 
This is thought to be because of the acid fermentation intermediates (carboxylic acids), 
which accumulate. These acids are made from acid producing bacteria, acetogens and 
methanogens (Palmisano and Barlaz, 1996). The biological oxygen demand (BOD5), 
chemical oxygen demand (COD) and the conductivity of the lechate all increase due to 
these organic acids dissolving into the lechate. The lechate will also contain heavy 
metals in this phase because inorganic chemicals tend to become soluble with such a low 
pH (Tchobanoglous and Kreith, 2002) 
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Figure 2.6 Landfill Gas Production by Phase (Adapted from Farquhar and Rovers, 
1973) 
The next phase involves methanogens rapidly producing of CH4 while consuming 
almost all the H2. The CH4 is produced from the reduction of the CO2 with the addition of 
H2 as well the conversion of acetic acid (CH3COOH) into CO2 and CH4. In addition, CO2 
and N2 gases reduce to near steady terminal concentrations (Farquhar and Rovers, 1973). 
This phase also marks a decrease in accumulation carboxylic acids while the pH 
increases to levels around 7.9. The increase in pH results in the cellulytic and acetogenic 
microbes present to also increase in population to levels above those pre-landfilled refuse 
(Barlaz et al., 1989). The time to have completed the first three phases varies between 
locations; some simulated landfills have been shown to complete the first three phases in 
between 180 and 500 days. These tests were conducted in cylinders with refuse, so the 
results may not be typical (Farquhar and Rovers, 1973). 
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It is also important to note that the sulfate remains high within the first two 
phases of refuse decomposition as can be seen from Figure 2.7 The reason for this may 
be the use of leachate recirculation, as leachate may contain sulfate. The concentration of 
sulfate then dramatically decreases within the first few weeks at at the landfill. The 
landfill has a high potential to reduce the sulfate from the refuse. Although Figure 2.7.3 
may indicate that the sulfate concentration is reduced to close to zero around day 70, this 








Figure 2.7 Sulfate Concentration in Simulated Landfill Environment (Palmisano and 
Barlaz, 1996) 
The final phase of landfill gas production marks the terminal concentration of 
different gases including CO2 and CH4. The concentrations of CO2 and CH4 are between 
30-50% and 50-70%, respectively (Figure 2.6). Variations of concentrations of gases can 
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occur due to environmental factors such as moisture content and pH, as well as from the 
accumulation of inhibitatory chemicals or the depletion of nutrients (Farquhar and 
Rovers, 1973). In this phase, the carboxylic acids present drop to concentrations below 
lOOmg/L which increases the pH. However, in this phase, cellulose and hemicellulose 
decompose more rapidly than in other phases (Palmisano and Barlaz, 1996). This is 
believed to be true because it is less lignified, therefore, this would be preferred over 
polymer hydrolysis. The results in the remaining substrate becoming increasingly high in 
lignin concentration (Barlaz et al., 1989). 
2.8 Hydrogen Sulfide Control 
There are several techniques used to try to remove H2S from gases and liquids. 
They include the use of air stripping, absorption, adsorption, chemical treatment, active 
biological covers and others. In addition, other treatments to prevent the formation of 
H2S have been used in water, wastewater and gas treatment. These treatments include pH 
elevation, biological treatment, addition of alternative electron acceptors (for the SRB), 
addition of chemical oxidants, etc (Zhang et al., 2008). One of the main goals of this 
research has been to evaluate H2S attenuation in landfill gas passing through different 
kinds of media, including several different kinds of ashes. Because of previous research 
(Melendez, 2008), it is believed that one mechanism responsible for H2S removal in this 
case is adsorption. Adsorption is often used to remove different materials from a gas or 
liquid streams. This is done by the mass transfer of substances present in the gas or 
liquid phase to a solid phase and the removal of these solids (MWH, 2005). 
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The two types of adsorption are physical adsorption and chemisorption. In 
physical adsorption, weak bonds, controlled by van der Waals forces, attract the gas 
molecules (adsorbate) to a solid (adsorbent). In this type of adsorption, the adsorbent can 
be regenerated, or cleaned of the adsorbate easily by either by the use of heat or pressure 
reduction (Cooper and Alley, 1994). This type of adsorption is usually rapid. 
Chemisorption, however, can be slow or rapid, depending on whether the adsorbate is 
above or below the critical temperature of the adsorbate (Cooper and Alley, 1994). In 
this type of adsorption, the adsorbate is accumulated on the adsorbent by a chemical 
bond. It is also not an easily reversible process. For example, the oxidation of SO3 to 
SO2 on activated carbon media is an example of a chemisorption reaction (Cooper and 
Alley, 1994). In addition, Bandosz found that F^S^q) can be oxidized to S° and SO2 on 
the surface of activated carbon and can be seen in Eq. 2.8 and Eq. 2.9 (Bandosz, 2002). 
These reactions can occur as the H2S dissolves in the moisture that accumulates on the 
surface of the adsorbents. 
H2S + VT. 0 2 -»• S° + H20 (Eq. 2.8) 
H2S + 3/202 -> S02 + H20 (Eq.2.9) 
2.8.1 Adsorption Using Activated Carbon 
Many experiments have been conducted to see how or if H2S adsorbs to activated 
carbon and can be oxidized to produce elemental sulfur and sulfur dioxide (Bandosz, 
2002). Activated carbon is made from different materials which have high carbon 
content including wood, coal, lignin, coconut shells, etc. These different substances are 
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used because they have a high surface area to volume ratio and some of the other physical 
properties can be seen in Table 2.3. The substances then become "activated" by different 
physical and chemical processes in order to increase the adsorption capacity of the 
different materials. The materials are dehydrated, carbonized, and oxidized while in a 
high temperature environment (Cooper and Alley, 1994). In addition, different physical 
and chemical properties will have an effect on the adsorption capacity of those materials 
used as adsorbents. These properties include impregnation of various chemicals, pH, 
water sorption capacity, surface area, porosity, etc (Adib et al., 1999). 
Table 2.3 Adsorption Properties of Various Materials* 
Internal External Bulk Dry 
. Surface 
Composition Porosity Void Density
 2 
(%) Fraction (%) (lbm/ft3) A r e a ( m / g ) Acid-Treated Clay 
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* (Cooper and Alley, 1994) 
Bandosz found that carbons with the greatest adsorption capacity are those 
impregnated with chemicals. She found in her 2002 study that those activated carbons 
without impregnation had about 1/3 the capacity as those that are treated with chemicals, 
except in the case of acidification of the carbons. In addition, in this study, H2S 
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adsorption capacity was 2-6 times higher for prehumidified carbons compared to those 
unhumidified. However, she found that those carbons that were acidified faired more 
poorly as adsorbents and those carbons pretreated with urea did not seem to have any 
substantial positive or negative effect. (Bandosz, 2002) The use of caustics (KOH and 
NaOH) also has the ability to oxidize H2S. The problem with this, however, is that it 
results in the deposition of elemental sulfur. This deposition increases the cost to 
regenerate the carbon because the sulfur becomes trapped in the pores of the carbon. The 
sulfur also cannot be removed simply by washing with water because elemental sulfur is 
not soluble in water. If the H2S(aq) oxidizes to sulfuric acid (H2SO4), then it would 
solubilize and thus be easier it remove (Bagreev et al, 2000). 
As previously mentioned, the pH of the carbon affects its adsorption capacity. 
Bandosz suggests that a carbon a pH of 4.5 or greater will have the best adsorption 
capacity (Figure 2.8). When the pH is low, only physical adsorption can occur. A 
greater pH of the carbon will tend to dissociate a larger concentration of H2S to HS" ions, 
which can further be oxidized to SO2 (Bandosz, 2002). Buffers can be added to the 
carbon such as ammonia to ensure a high pH. The use of this has shown to increase the 
adsorption capacity of the carbon (Adib et al, 1999). 
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Figure 2.8 Adsorption Capacity of Activated Carbon at pH Values (Bandosz, 2002) 
2.8.2 Adsorption Using Ash 
Ash is also used as an adsorbent for hydrogen sulfide. Ash may be a more 
desirable adsorbent for H2S because it involves reusing what would be a byproduct of 
combustion (Ducom et al., 2009), and ash may be less expensive than activated carbon. 
Therefore ash has been added to activated carbon samples to see how the adsorbent 
properties could be affected. It has been shown that ash, specifically coal ash, may 
contain may contain activated carbon and metal oxides which have been shown to 
oxidize or adsorb H2S (Kastner et al., 2002). 
Ash has been found to have a basic pH and because of this, acid/base reactions 
can occur. Using ash as an adsorbent has a tendency to dissociate the H2S to HS" and 
then S , (Ducom et al., 2009) similar to adsorption with activated carbon. This process is 
completed with H2S transferring from the gas phase to the liquid phase. Here, the 
dissolved H2S may adsorb onto the surface of the ash and dissociate to HS" and S " 
(Kastner et al., 2002). Without the presence of water on the surface of the ash, it is 
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believed that the dissociation of H2S cannot be completed. This is because ash tends to 
be hydrophobic, whereas the dissociation of H2S occurs in the presence of water 
(Seredych et al., 2007). 
As mentioned, coal ash is found to contain significant concentrations of metal 
oxides, which include AI2O3, Fe203, T1O2, etc (Kastner et al., 2002). These can act as 
catalysts for the oxidation of H2S (Li et al., 1997). These metal oxides tend to be basic, 
thus increasing the ability to oxidize H2S, as previously mentioned. In a study conducted 
by Seredych et al., it was found that the pH of the ash decreased by at least 1 pH unit. 
This indicated that there could have been an accumulation of metal salts on the surface of 
the ash (Seredych et al., 2007). 
2.8.3 Chelated Iron Hydrogen Sulfide Removal 
One of the common techniques for removal of H2S from landfills is the use of 
iron catalyst to oxidize H2S to elemental sulfur, as seen in Equations 2.10 and 2.11. In 
this process, ferric iron (Fe ) is also reduced to ferrous iron (Fe ). This takes place in a 
solution as H2S get dissolved, and where the solution is slightly basic (pH=8.0 to 8.5) 
(Kohl and Nielsen, 1997). As previously mentioned, the dominant sulfur species will be 
HS" with a pH above 7 and below about 12.92. So, in this environment, the hydrogen 
sulfide will dissociate to bisulfide and a hydrogen ion. LO-CAT is one of the companies 
that produce a scrubbing device that completes this task. A typical process flow diagram 
system of the Lo-Cat is shown in Figure 2.9. 
A second reaction occurs where the ferrous iron becomes oxidized to reform 
ferric iron (Eq. 2.12). The overall reaction can be seen in Eq 2.13 as hydrogen sulfide is 
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oxidized to elemental sulfur and water (Gialet et al., 2004). The iron is not represented in 
the total reaction because it catalyzes the reaction. In fact, the iron is in the form of 
chelated-iron as different ligands are complexed with the iron. These ligands include 
molecules NTA, EDTA, HEDTA, etc (McManus and Martell, 1997). However, the 
purpose of the chelated-iron is to donate an electron to the disulfide ion and to receive an 
electron from the oxygen (Eq. 2.8.3.3) (Gialet et al., 2004). 
H 2 S ^ H S " + H+ 
2Fe3+ + HS" -> 2Fe2+ + S + H+ 
2Fe2+ + l/202 + H20 -»- 2Fe3+ + 20H" 
























Figure 2.9 Lo-Cat H2S Removal (McManus and Martell, 1997) 
2.9 Hydrogen Sulfide Prevention 
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One aspect of the research was to see if an increase in pH could prevent the 
formation of hydrogen sulfide from C&D fines. As previously mentioned, the pKa's for 
H2S/HS7S2" are about 7 (6.99) and 12.92 (Benjamin, 2002). Therefore, at a higher pH, 
(above 7), HS" will be the predominate species, and above 12.92, S " will be the 
predominate species if the species are dissolved in the leachate (which they often are in 
landfill environment). Lime in the form of Ca(OH)2 as well as quicklime (CaO) have 
been shown to increase the pH as well as being used to oxidize H2S (Plaza et al., 2007). 
In this study performed by Plaza et al., columns were made to simulate a landfill 
environment where leachate and H2S samples could be taken. Drywall, which contains 
CaSC>4, was used as a source of sulfur as it has been shown to reduce to H2S (Fenchel et 
al., 1998). Different amendments to the drywall were added to see if these could either 
prevent the formation of H2S or oxidize H2S. The different amendments included sand, 
cement, lime and combinations thereof. In the study, the one column that was found to 
have low H2S concentrations also had produced a leachate with a high pH (around 12). 
Also, the other columns with lime experienced a lag in H2S production as the pH was 
also high (Plaza et al., 2007). 
H2S generation can also occur in sewer systems and, as previously mentioned, this 
can lead to corrosion of pipes as well as health, odor and other environmental issues. The 
two techniques employed in this area, as well as the research performed in this paper, are 
to either prevent the formation of H2S or to somehow remove it from the gas/liquid 
stream (Figure 2.10) (Zhang et al., 2008). Similar to the experiment by Plaza et al., 
Zhang et al. investigated the use bases for pH elevation. They noted that the use of 
sodium hydroxide (NaOH) or calcium hydroxide is sometimes employed to raise the pH 
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of the liquid stream above 9, thus the main form of H2S is in the form of HS". The 
problem with raising the pH, however, is that the pH may remain high downstream and 
be undesirable for future processes (Zhang et al., 2008). 
Figure 2.10 H2S Controls in Sewer Systems (Zhang et al., 2008) 
2.10 Materials Investigated 
2.10.1 Coal Bottom Ash 
Coal bottom ash is produced from the coal that is combusted to create steam for 
industrial purposes and energy. When the coal is combusted, about 95% is retained and 
the coal is reduced to about 10% of the original volume, according to the Turner-
Fairbank Highway Research Center (TFHRC, 2006). There are three different kinds of 
ashes produced from this process: fly ash, boiler slag and bottom ash. Fly ash accounts 
for approximately 74% of the ash generated, and this type of ash is entrained on stack 
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filters with the flue gases of the coal combustion process. Boiler slag makes up about 6% 
of the total ash. It is formed when the ash is under intense heat and falls to the bottom of 
the boiler. Finally, bottom ash accounts for about 20% of the ash and also accumulates 
on the bottom. It is heavier than the fly ash so it does not become entrained in the flue 
gases (TFHRC, 2006). 
Bottom ash is composed of porous angular particles. The particles are primarily 
sand-sized, but can be as small as fine sand or as large as fine gravel as can be seen in 13. 
Between 50 and 90% (by weight) of the ash typically passes a Number 4 (4.75mm) sieve, 
10 to 60% typically pass a Number 40 (0.42mm) and 10% or less normally pass a number 
200 (0.075mm) sieve. In addition, bottom ash has a specific gravity of 2 1 to 2.7 and 
weighs about 45-100 lb/ft . It is composed of between 45 and 70% (by weight) of SiC^, 
between about 15 and 29% A103, between 2 and 15% Fes03, 0-15% CaO, 1-5.2% MgO, 
0.6-1% Na20 and 0-0.3% K20, with usually less than 1% sulfate (TFHRC, 2006) In 
addition, bottom ash tends to contain large pieces of pyrite, also known as "popcorn" 
particles. These particles cause the ash to have a lower specific gravity. Bottom ash also 
may have a low pH, making it corrosive. Therefore, this type of ash may degrade with 
compaction and may not be as suitable as an aggregate in a highway construction 
compared to other materials (Griffiths and Krstulovich, Jr, 2002). 
Despite this fact, there are several different uses for coal bottom ash, is it is 
inexpensive and thus desirable. The applications for bottom ash include filler material in 
embankments, aggregate in road base/sub-base and pavement, feed stock and aggregate 
in concrete production as well as snow and ice traction on pavement (TFHRC, 2006). In 
order for the ash to be considered as filler material, it must be near the optimum moisture 
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content (12-24%), be noncorrosive (pH greater than 5.5), and be screened and/or ground 
to reduce the size to less than 3A inch. When using bottom ash in road base/sub-base and 
pavement, the sizing and moisture content must also be at proper levels. "Popcorn" 
particles must be removed in this process. In addition, the ash is to be blended with other 
aggregates. The addition of bottom ash will increase the bearing strength of the base or 
sub-base (TFHRC, 2006). 
It is also important to note the distinction between two different classes of ash. 
When coal is burned, the byproducts are fly ash and bottom ash (TFHCR, 2006). The 
American Society for Testing Materials has divided fly ash into two different types, 
Class C and Class F (ASTM C 618). Class C ash is typically produced from coal from 
the western part of the United States and is produced from the burning of subbituminous 
coal and lignite. Class F ash is made from coal in the eastern United States and is 
produced from the burning of anthracite and bituminous coal (Halstead, 1986). A major 
difference between the two different classes of ash is the amount of CaO they contain; 
Class C contains about 30-40% and Class F contains 1-12% (ASTM C204). 
2.10.2 Wood Char Ash 
Wood-char ash, or wood ash, is another material explored in this research. The 
physical and chemical properties of wood ash can vary greatly due to several reasons. 
These include the type of plant and part of plant used, type of soil and climate, as well as 
collection of ash and storage (Demeyer, et al., 2001). Wood ash can be used as an 
application to forest floors to increase the pH (Baath et al., 1995). The result of this study 
showed that the application of wood ash on the forest floor resulted in the pH of the soil 
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to increase by about Vi to almost 2 pH units. By raising the pH, it provided a more 
suitable environment for the microbial community (Baath et al., 1995). 
Physically, 80% of wood ash is less than 1.0mm and can contain all particle sizes 
from coarse sand and clay. The density of wood ash varies from 0.27g/cm for wood ash 
and 0.51 g/cm for ash from pulp and paper waste. It is believed that the reason that ash 
from pulp and paper waste has salt and clay additives, which are used in the production 
of paper (wood_ash.pdf). Calcite (CaC03) is the most prevalent compound in wood ash. 
Lime (CaO), riebeckite ((NaCa)2(FeMn)3Fe2(SiAl)8), portlandite (Ca(OH)2), calcium 
silicate (Ca2Si04), hydrotalcite (Mg6Ali2C03(OH)i6 • 4H20) and serandite 
(Na(MnCa)2Si30g(OH)) make up a smaller percent of wood ash (Demeyer, et al., 2001). 
2.10.3 Lo-Cat Residual/Elemental Sulfur 
Lo-Cat residual, which is 88.6% elemental sulfur, is one of the materials 
evaluated in this research. In the solid form it usually exists as a yellow powder and has 
a slight odor (Mallinckrodt Baker, Inc, 2006), although with impurities, can possess a 
strong odor. It is about 2.07 times denser than water and boils at 445°C (Mallinckrodt 
Baker, Inc, 2006). Although it is generally benign if ingested, it can be flammable and 
can irritate the skin and eyes (Mallinckrodt Baker, Inc, 2006). As previously mentioned, 
sulfur is an important part of biosphere as it is transformed and transported by biological 
and chemical agents. In addition, sulfur is transferred throughout the environment by 
anthropogenic activities, such as the combustion of fossil fuels (Postgate, 1984). 
There are many different uses for elemental sulfur. In 2007, about 8.2 million 
tons were produced in the United States. Of this, about 60% was used for agricultural 
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purposes, 25% was produced from petroleum, 3% from metal mining and 12% produced 
from other sources (Ober, 2008). In the agricultural field, elemental sulfur can be applied 
as an acidulent for soils that have an undesirably high pH. For example, elemental sulfur 
is used in rice fields to decrease the pH of soils that groundwater with high Ca, Mg and 
HCO3" made too basic for optimum crop production (Slaton et al., 2001). Elemental 
sulfur can also be applied to peach crops as a fungicide. It used to prevent peach scab 
and is preferred as it less expensive than alternative fungicides (Scherm and Savelle, 
2001). Sulfur is also often employed in the form of sulfuric acid. About 90% of the 
sulfur consumed in the United States in 2007 was in the form of sulfuric acid, while the 
other 10% was in the form of elemental sulfur (Ober, 2008). 
Other uses of sulfur include that mercury removal and cotton dyes. Mercury can 
be added to carbon to attenuate vapor phase mercury (Liu et al, 1998). Mercury is 
dangerous to humans, fish, and the environment. If sulfur can be added to carbon to 
remove mercury, then the potential for mercury poisoning can be decreased. In addition, 
sulfur can be used for making dyes in an environmental friendly manner. This is done by 
not using chemicals such as Na2S and Kr2Cr207. Instead sulfur can be used as an oxidant 
in the form of (NH4)2S20g, which would be less hazardous (Ibrahim, 2005). 
2.10.4 Lime 
Lime ((CaOH)2) as well as quicklime (CaO) were both investigated in this 
research. Quicklime is produced from the burning of limestone or as product or by-
product of industrial process. In addition, lime or calcium hydroxide can be produced by 
adding water to quicklime, or calcium oxide. Calcium oxide is deemed unstable because 
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heat is produced when mixed with water, making caution necessary when handling. 
Calcium hydroxide can form calcium oxide if heated, as water would be lost. If exposed 
to air, calcium hydroxide can form calcium carbonate by absorbing calcium carbonate 
(OMRI, 2002). Calcium hydroxide, in the solid form, exists in the form of white powder. 
Its density is 2.24 g/cm3, melts at 580°C and its pH in solution is 12.4 (Mallinckrodt 
Baker, Inc, 2007a). Calcium oxide, however, can appear is white or yellow lumps when 
in solid form. Its density is 3.37g/cm3, melts at 2572°C and its pH in solution is 12.5 
(Mallinckrodt Baker, Inc, 2007b). 
The United States produced about 19.8 million metric tons and consumes about 
20 million metric tons of lime and quicklime in 2008. The most prevalent use of lime is 
steelmaking, followed by flue gas desulphurization, construction, water and wastewater 
treatment, pulp and paper production, and others (Miller, 2009). Another use of calcium 
hydroxide, as well as calcium oxide, is in agriculture. The purpose of this, as well as in 
water treatment, is to increase the pH as calcium hydroxide readily dissociates in water to 
form CaZT and OH" ions (OMRI, 2002). As previously mentioned, the pH of both of 
these liquids in solution is above 12. Because of this high pH, a common practice has 
been to use calcium hydroxide on acidic soils as a buffer. Lime is also promising as a 
buffer because it may be a nontoxic alternative to other buffers (Liu et al., 2004). 
2.10.5 Zeolite 
For this research, zeolite is desirable because it has been shown to adsorb polar 
molecules (Mumpton, 1999), which H2S is. Other uses include concrete aggregate, water 
and wastewater treatment, nuclear waste treatment, animal nutrition, horticulture and 
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odor control (Mumpton, 1999). In 2007, about 57,400 metric tons of zeolite were mined 
in the United States and 57,100 metric tons were consumed were consumed in the United 
States (Virta, 2008). The price of zeolite can vary, but it generally costs between $50 and 
$220 per ton. Application and fineness of the zeolite will affect the price, as finer and a 
higher grade zeolite will be more expensive (Virta, 2008). 
As mentioned, zeolite is used to remove adsorb and attenuate molecules. It has an 
aluminosilicate and porous structure. Because of this porosity, zeolite has the ability to 
selectively pass certain sized molecules though it (Mumpton, 1999). In addition to 
essentially "sieving" particles, zeolite has the ability to adsorb polar molecules. The 
greatest affinity of zeolite to any molecule is H2O. Because of this affinity, zeolite is 
commonly employed as a desiccant and other drying applications (Mumpton, 1999). In 
addition, adsorption techniques by zeolites are often employed to treat biogas. CO2 and 
more predominantly, H2S are can be removed from CH4 by being adsorbed by the zeolite. 




METHODS AND MATERIALS 
3.1 Overview 
This research included four different experiments: an ex-situ landfill gas 
experiment to evaluate H2S attenuation with industrial materials; construction and 
demolition (C&D) fines analysis; an in-situ landfill simulation to test H2S formation 
prevention; and an in-situ landfill simulation experiment to evaluate H2S generation. The 
materials for this experiment include C&D fines, four different ashes, lime (calcium 
hydroxide), quicklime (calcium oxide), foundry sand, zeolite, and sulfur cake. This 
section includes a detailed description of these materials and the methods used for this 
research. 
3.2 Materials 
3.2.1 C&D fines 
As previously mentioned, C&D fines are a product of mixed C&D processing and 
recycling facilities. Fines often have a soil-like characteristic, but also include small 
pieces of wood, cardboard, concrete, asphalt, dry wall, etc. The C&D fines for this 
research was received from C&D processing facilities (that will remain anonymous) 
located in Massachusetts, California and Oregon. 
3.2.2 Landfill Gas Experiment 
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Four different ashes were used as adsorbents to test the adsorption of hydrogen 
sulfide. Ash has been shown to attenuate H2S (Ducom et al, 2009, Seredych et al, 2008). 
The ashes used were by-products of different industries. Ash 1 and Ash 2 were both coal 
bottom ashes from Minnesota. Ash 3 was a wood ash from Minnesota, and Ash 4 was 
wood ash from New Hampshire. 
3.2.3 In-situ HjS Prevention 
Several different materials were investigated in their ability to prevent the 
formation of hydrogen sulfide. Calcium hydroxide (Ca(OH)2) is a white powder used in 
several of the experimental columns. The Ca(OH)2 used was reagent grade, containing a 
minimum of 97.0 to 97.8% Ca(OH)2 and was purchased from Fisher Scientific. Calcium 
oxide (CaO) (lab grade, Fisher Scientific) is also a white powder used in one the 
experimental columns. As shown in Table 3.1, the CaO and Ca(OH)2 were both put in 
the experimental columns at a ratio of 4:1 C&D fines to CaO or Ca(OH)2. Ash 1 was 
also used for this experiment. This was also placed in a column with a fines to ash ratio 
of 4:1. Finally, a proprietary zeolite powder from Maine was used in a column. From a 
previous study, it was found that 20001b of sulfur disposed of in a landfill can produce 
about 2951b of H2S (Anderson et al., 2009). Based upon the sulfur content of the fines, 
and the attenuation potential of zeolite provided by the manufacturer, a fines to zeolite 
ratio of 2.5:1 was used. Further data concerning the contents of these columns is located 
in Appendix D. 







423g C&D Fines 
393g C&D Fines; 98g Ca(OH)2 
393g C&D Fines; 98g Ca(OH)2 
403g C&D Fines; 101g CaO 
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287g C&D Fines; 72g Unused Ash 1 
311g C&D Fines; 123g Zeobloc 
3.2.4 In-situ BbS Regeneration 
Another test was conducted to see if hydrogen sulfide could be regenerated from 
the landfilling of materials from processes used to attenuate hydrogen sulfide. One of the 
materials tested was sulfur cake from a landfill in South Florida. This sulfur cake was a 
byproduct of H2S removal from landfill gas by the use of an iron catalyst (Lo-Cat), which 
was discussed in the Literature Review. The cake contained approximately 88.6% sulfur, 
the remainder contained various other elements. Five grams of sulfur cake were added to 
the "simulated" landfill material (organic material that would degrade) - a mixture of 
paper and dog food (Table 3.2). Shredded paper and dog food also were used in order to 
provide a carbon source for the H2S to be formed (Yang et al., 2006). 
As shown in Table 3.2, four other columns constructed contain lOg of the four 
ashes used as adsorbents (exhausted) in the landfill gas experiment. Five grams of dog 
food and varying amounts of paper were used in these columns. Column 7 contained 
shredded paper and dog food as well as exhausted Zeo-BLOC™ paper. The Zeo-
BLOC™ paper was made from recycled paper shown to remove H2S odors (Bishop et al, 
2007). The Zeo-BLOC™ paper had already been used to remove H2S odors. Further 
data on the columns can be found in Appendix C. 








13.4g Paper; 5g Dog Food (Control) 
13.3g Paper; 5g Dog Food; 5g Sulfur Cake 
12.8g Paper; 5g Dog Food; 10g Used Ash 1 
13.1g Paper; 5g Dog Food; 10g Used Ash 2 
12.2g Paper; 5g Dog Food; 10g Used Ash 3 
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12.5g Paper; 5g Dog Food; 10g Used Ash 4 
3.4g Paper; 5g Dog Food; 10g Zeobloc Paper 
3.3 Methods 
3.3.1 Landfill Gas Experiment 
3.3.1.1 Column Construction 
The first experiment is an ex-situ test conducted to see if H2S can be attenuated 
using any of the aforementioned four ashes. The experiment was conducted at a landfill 
gas well use using a clear or white PVC column in 2 or 4 inch diameters as seen in 
Figures 3.1a and 3.1b. The lengths were either 20.125 inches or 36 inches. In these 
columns, aggregate comprised of inert crushed stone or glass beads were placed in the 
bottom of the column in order to avoid preferential paths for the H2S to travel. In this 
way, kinetics can be improved as the gas will tend to distribute throughout the cross-
sectional area. A plastic mesh was placed above this in order to keep the ash, which is 
placed above the aggregate, from being lost out the bottom of the column. A l/4inch 
diameter inlet and outlet were placed on the top and bottom of the column and connected 
to plastic tubing. In addition, a valve was placed 16 or 32 inches from the bottom of the 
column (near the top of the column), where sampling could take place. 
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3.3.1.3 Gas Analysis 
The concentration of H2S was measured before the landfill gas entered the column 
and after the gas exited the column. In addition, the concentrations of methane, (CH4), 
were analyzed at the same locations in order to evaluate if the material in the column 
attenuated CH4 as well. To measure the concentration of H2S, a Jerome 631-X (Arizona 
Instruments) was used for concentration of H2S below 50ppm, and RAE gas detection sticks 
(RAE Instruments) were used for concentrations above 50ppm. Verification of the Jerome 
631 -X was performed as the instrument was zeroed and the ambient air was checked. For 
quality purposes, the accuracy the detection sticks were checked against the Jerome 631-X 
and often run in duplicate. Also,in order to check the concentration of CH4, a landfill 
employee used a Gem-500 (CES-LANDTEC) to measure methane content of landfill gas 
before it entered the column and after the gas exited the column. 
3.3.1.4 BET Analysis 
A test was conducted to determine the surface area to mass ratio of the ash. All 
ashes except one (Ash 4), were analyzed. The apparatus that measured the surface area 
failed after the surface area of three of the ashes were determined. As previously 
mentioned, the different ashes were thought to have similar properties of activated 
carbon. Adsorbent surface area is believed to be proportional to adsorptive capacity 
(Bandosz, 2002). The apparatus used for this analysis was the TriStar 3000 
(Micrometrics). 
3.3.1.5 pH of Ashes 
As previously mentioned, H2S adsorption is influenced by pH. In order to find 
the pH of the ash, 250mL of water treated by reverse osmosis (RO water) was added to 
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50g of each ash. The ash/RO water mixture was then covered and stirred for lhour and 
the pH of the mixture was measured. 
3.3.2 C&D Fines Analysis 
3.3.2.1 Sulfate 
The C&D fines that were collected were tested in order to determine the sulfate 
content. The leaching standard operating procedure (SOP), which was developed at the 
University of Florida, was used for this test (Musson, et al., 2008). After the test, the 
leachate from the fines was sent to a laboratory (Resource Labs, Inc. (RLI), Portsmouth, 
NH) to determine the sulfate content by ion chromatography. 
3.3.2.2 Moisture Content/Organic Carbon Content 
The moisture content of various materials was determined because the amount of 
moisture present can impact biological activity and therefore, the amount of H2S 
produced (Gurijala et al., 1997). To determine percent moisture, the mass of a metal 
container was weighed, then the fines or other material was added, and the container was 
again weighed. The container was placed in a 100°C oven for 24 hours and weighed. 
The moisture content was determined to be the mass of the fines before being in the oven 
minus the mass of fines after being in the oven, divided by the mass of the fines before 
being in the oven. In addition, the organic and inorganic carbon was determined by a 
method called loss on ignition (LOI) (Dean, 1974). This method is conducted in a similar 
manner to moisture content. The organic carbon and inorganic carbon present were 
determined to be volatized to carbon dioxide and ash at 550°C and 1000°C, respectively. 
Therefore, using a two-step process of heating, the difference in weight can be used to 
determine the organic and inorganic carbon. 
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33.3 Columns for Testing In-situ H2S Prevention 
3.3.3.1 Column Construction 
The columns used for this experiment were 15 inches in length and 2inches in 
diameter, as seen in Figure 3.3.. The bottom 3 inches of the column contain glass beads, 
which are used to collect excess leachate, so as not to saturate the media above the beads 
Above the beads is a plastic mesh screen to separate the beads from the materials in the 
column. A l/4inch valve was placed on top to add RO water treated by reverse osmosis, 
which would simulate rainwater keeping the contents moist. A l/4inch valve was also 
placed on the bottom of the column to collect the leachate. Valves were also placed on 
the side of the column in order to sample the gas inside the column. 
12 0" 
3.0" 3-3" 
Figure 3.3 Column Used for H2S Prevention/Regeneration 











The columns that were used for in-situ prevention created leachate. 
Approximately 1 OOmL RO water was added daily and the leachate was checked and 
collected every day until the column reached field capacity. After this point, 24mL RO 
water was added daily for 5 days and the leachate was drained and analyzed weekly. A 
final procedure included the addition of 1 OOmL RO water weekly, while the leachate was 
drained and analyzed weekly, as well. Several different characteristics of the leachate 
were determined in order to assess the biological activity in the column. The 
characteristics of the leachate that were analyzed were pH, oxidation reduction potential 
(ORP), dissolved oxygen (DO), sulfide (S2"), and sulfate (S042")- A YSI 556 Probe 
(GENEQ) was used to determine the pH, ORP, and DO in mg/L and percent saturation. 
These parameters were used as indicators for SO4 " reduction. The leachate was then 
tested for S2" with a DR/2000 Spectrophotometer (HACH Method 8131). The purpose of 
the S * test was to determine if biological activity, specifically sulfate reducing bacterial 
activity, was occurring. The leachate was also tested for SO4 ", outsourced to a separate 
laboratory (RLI) for analysis. Sulfate is an important parameter as it is reduced by the 
sulfate reducing bacteria. 
3.3.3.2.2 Gas 
In this experiment, the only gas that was of concern was H2S. Similar to the ex-
situ landfill gas experiment, gas samples were also collected using a Jerome 631-X. 
•y 
These gas samples were also an indication of if and/or how much SO4 " was being 
reduced. 
3.3.4 Columns for Testing Regeneration of HgS 
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3.3.4.1 Column Construction 
The columns were constructed in the same way as the columns for the in-situ H2S 
prevention experiment. They have the same dimensions, and their contents can be seen 
in Table 3.2 
3.3.4.2 Parameters monitored 
3.3.4.2.1 Leachate 
Similar to the in-situ H2S prevention experiment, the leachate was collected on 
the same schedule. The parameters pH, ORP, DO, sulfide and sulfate were also 
measured using the same techniques. The reason that these parameters were measured 
was that it was necessary to see if biological activity was occurring in this experiment as 
well. 
3.3.4.2.2 Gas 
In this experiment, the only gas that was of concern was H2S. Similar to the ex-
situ landfill gas experiment, gas samples were also collected using a Jerome 631-X. 




RESULTS AND DISCUSSION 
4.1. Overview 
This section presents and discusses the results of the four experiments conducted: 
the ex-situ landfill gas experiment, the C&D fines analysis, the H2S prevention 
experiment and the H2S regeneration experiment. 
4.2. Ex-situ Landfill Gas Experiment 
The first experiment is the ex-situ landfill gas experiment, and the goal of this 
experiment was to determine what the extent different ashes attenuated H2S from landfill 
gas. The results from the various parameters measured in the ex-situ landfill gas 
experiment will be presented and discussed in the following section and include pH, 
surface area, moisture and H2S attenuation. In addition, an evaluation was conducted to 
determine if CH4 was also attenuated by the adsorbents. 
4.2.1. pH Determination 
The pH of the different ash columns can be seen in Table 4.1. All the ashes, 
except Ash 2, produced a basic leachate when mixed with reverse osmosis treated water. 
The determination of the pH of the ash is significant because it can be an indication of the 
ability of the ash to attenuate H2S. It is proposed that one of the mechanisms responsible 
for the attenuation of H2S is adsorption. For adsorption to occur, it is believed that a 
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water layer is necessary on the surface of the ash where the H2S could transfer from the 
gas phase to the liquid phase (Bandosz, 2002). In the presence of water, the H2S will 
dissociate to HS" ions if the ash, especially if the environment is slightly basic. This is 
due to the fact that the pKa's for the sulfur species are about 7 and 13 (Adib et al, 1999). 
So, the predominate species of sulfur are H2S at a pH below 7, HS" at a pH above 7 and 
below 13, and S2" at a pH above 13. 
Table 4.1 Ash pH Values 
Mass R 0 W a t e r Sample , . Added pH 
( g )
 (mL) 
Ash 1 50 250 8.37 
Ash 2 50 250 6.36 
Ash 3 50 250 9.24 
Ash 4 50 250 11.67 
If bottom ash is used to attenuate H2S and the ash is basic in solution, then the 
H2S may further dissociate HS" ions into S " ions (Ducom et al., 2009). However, if the 
ash is acidic, then the H2S will not tend to dissociate but the few HS" ions that do exist at 
a slightly acidic pH will oxidize to sulfur dioxide and then form sulfuric acid (Bandosz, 
2002). For oxidation to occur, the pH can only be as low as 4.5, according to Bandosz. 
At a pH below this threshold, the concentration of HS" is extremely low, and only 
physical adsorption can occur. In this case, the adsorption capacity is not as high as 
would be if the pH were higher. This tends to be a problem when the adsorbents, 
specifically activated carbon, are impregnated with different chemicals (Bandosz, 2002). 
However, the materials used for adsorbents in this experiment were solely natural ashes, 
not impregnated with any chemicals. 
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4.2.2. Surface Area of Ashes 
The surface areas of the different ashes analyzed are shown in Figure 4.1. It 
appears that the wood ash columns (Ash 3 and Ash 4) have a greater surface area than the 
coal ash columns. This is important as a larger surface area aids in the oxidation of H2S 
(Bandosz, 2002; Kastner et al, 2003). However, it is suggested that surface area is not the 
most crucial factor in the ability to remove H2S from gas streams using activated carbon. 
This conjecture was hypothesized earlier that activated carbon works similar to the ash. 
Bandosz (2002) states that the presence of a water film and a basic surface are more 
important than the amount of surface area. In one case, the amount of surface area was 
proportional to the H2S attenuation capacity; however, this carbon was treated with 
ammonia. It has been shown that treating carbon with ammonia prior to using it for H2S 
removal will result in the carbon removing more H2S if the activated carbon has less 
surface area (Lee and Reucroft, 1999). 
While surface area is important in the oxidation of H2S, it is also important in the 
physical adsorption of H2S (Yan et al, 2002); the surface area of activated carbon used for 
adsorption is typically 750m /g to 1800m /g (Faust and Aly, 1998). The surface areas of 
the ashes used in this research were less than these typical values for activated carbon 
(Figure 4.2.2.1). However, the surface area is not the only factor in determining the 
adsorption potential of the adsorbent. The results of this study show that Ash 1, which 
did not have the greatest surface area, was able to attenuate the greatest amount of H2S, 
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Figure 4.1 Surface Area of Ash Samples 
4.2.3. Moisture Content of Ash Samples 
The moisture content of each ash sample can be seen in Table 4.2. Recall that 
Ash 1 and Ash 2 are both coal ashes and from the table, they have similar moisture 
contents. However, the difference between Ash 3 and Ash 4, which are both wood ashes, 
is substantial. This could be due to the different geographic location from which they 
came, or the exact process by which they were produced. Regardless, when the 
experiment was conducted, significant moisture was noticed in the landfill gas that 
entered the columns containing the ash samples. Similarly, large amounts of moisture 
were noticed in the exhaust port as well the sampling port. For this reason, the moisture 
content of each ash sample may not be significant due to the fact that the landfill gas 
contained moisture. Moisture is important in the mechanism responsible for attenuating 
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H2S from the ash. As previously mentioned, the dissociation of H2S to HS" on ash takes 
place in the presence of water (Adib et al, 1999; Ducom et al, 2009). So, for the 
oxidation or removal of H2S to occur on the surface of the ash, the requirements are water 
on the surface of the ash and a basic pH. 











4.2.4. H2S Removal/Conversion 
Table 4.3 includes the parameters for conducting the landfill gas experiment. 
This table indicates that because it has the greatest density and mass, Ash 2 should have 
the capacity to attenuate the greatest quantity of H2S and the time for Ash 2 to reach 
exhaustion would be the longest. Conversely with the highest average landfill gas flow 
rate and highest average H2S concentration at the sampling well, it appears that Ash 1 
would reach exhaustion more quickly than the other ashes. 
Table 4.3 Comparison of Landfill Gas Samples 
Mass Density J!?1!?.96 Average Well H2S Sample
 0 , , . , , / LFG Flow „ , Sample g g/cm3






















However, as shown in Table 4.4, Ash 1 attenuated the greatest amount of H2S, at 
approximately 74 mg of H2S per gram of ash. Recall that both Ash 1 and Ash 2 are both 
coal ashes, while Ash 3 and Ash 4 are wood ashes. Although Ash 1 and Ash 2 are both 
coal ashes, there is a large variability in coal combustion. Ash varies by the type of coal 
burned as well as the design of the power plant. The second point holds true for wood ash 
as well; the ash can be greatly impacted by the design of the combustion facility. So, 
although Ash 3 and 4 are both wood ash, Ash 4 attenuated about four times the amount of 
H2S that Ash 2 and Ash 3 did (approximately 12 milligrams of H2S per gram of ash). In 
addition, Ash 1 was able to attenuate more H2S per cubic centimeter than could the other 
ashes. Ash 4 does not attenuate as much H2S in terms of mass of H2S per ash volume 
because of its low density. Ash 4 would be an impractical ash to attenuate H2S compared 
to Ash 1 and Ash 2, based on the volume of ash required to attenuate an equal amount of 
H2S. 
Table 4.4 Total Normalized Hydrogen Sulfide Attenuated 
Total Hydrogen Total Hydrogen 
Sulfide Sulfide 
a m p e
 Attenuated Attenuated 
(mg/g) (mq/cm3) 
Ash 1 73.80 26.57 
Ash 2 11.82 8.63 
Ash 3 11.42 2.17 
Ash 4 45.04 3_71 
Figure 4.2.4.1 displays how long each sample was operated until it reached 
exhaustion (i.e., the concentration of H2S at the sampling port of the experimental column 
was the same as the concentration of H2S at the gas well). Ash 1 took the longest time to 
reach exhaustion, which agrees with the results from Table 4.4. Likewise, Ash 4, which 
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is a wood ash, took the second longest time to reach exhaustion. It is important to note 
that the attenuation of H2S per gram of ash presented in Figure 4.2 is also influenced by 
the variation of landfill gas flow rate and concentration of H2S. 
10 20 30 40 50 60 
Milligram H2S Attenuated per Gram Ash 
70 80 
Figure 4.2 Percent Exhaustion of Ash Samples 
It is worth noting the shape of the curves. A lag occurs from when the experiment 
begins to when the sample starts to become exhausted. This is especially visible for the 
curves made by Ash 1. This lag indicates that virtually 100% of the H2S passing through 
the sample was attenuated at this time. After this lag, the exhaustion of these samples 
seem to rapidly increase before stabilizing for a moment of time, and then increased 
rapidly again until each of these samples finally reached exhaustion. The curves for Ash 
1 and Ash 4 have points at which attenuation increased during the course of the 
experiment. In the case of Ash 1, a mechanical failure in the pump resulted in the 
experiment being restarted. It is believed that when this occurred, the preferential 
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pathway of the landfill gas in the column may have changed slightly, thereby coming into 
contact with different ash, increasing the ash's ability to attenuate H2S. In the case of 
Ash 4, it is possible that the preferential pathway may have changed as well. However, 
there was no pump malfunction; the pathway may have changed due to the ash being 
moved by the force of the landfill gas itself flowing through the column. 
It is suspected that metal ions and metal oxides may play a role in the attenuation 
of H2S. The metal ions may be catalysts in the conversion of H2S to sulfides (Kastner et 
al, 2003). Research has suggested that once the H2S dissolves on the water film surface of 
the ash, it dissociates to S ". Another possible scenario is that metal cations present from 
the ash can react with sulfide to produce metal sulfides (Kastner et al, 2003). This can be 
seen from in Eq 4.1, Eq 4.2 and Eq 4.3 (Kastner et al, 2003). In Eq 4.1, the first 
dissociation of H2S occurs in the presence of a base to produce HS" ions. In the second 
dissociation, HS" reacts with a hydroxide ion to produce a sulfide ion and water (Eq 4.2). 
Finally, the sulfide ion reacts with metal ions present in the ash (Me+) and produce metal 
sulfide. 
H2S +OH" -* HS" + H20 Eq 4.1 
HS" + OH" -* S2" + H20 Eq 4.2 
S2" + 2Me+ -> MeS Eq 4.3 
As previously mentioned, coal bottom ash contains concentrations of metal oxides 
including greater than 45% SiC>2, at least 15% AIO3, between 2 and 15% Fe203, up to 
15% CaO and about 1% of MgO, Na20 and K20 (TFHRC, 2006). However, because Ash 
1 and Ash 2 were both coal ashes from Minnesota, it is assumed that they were Class C 
ash. Therefore, the concentration of CaO should be 30-40% (ASTM C204). It is 
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believed that a moist, aerobic environment would be suitable for metal oxides such as 
CaO and MgO to react with H2S (Bagreev and Bandosz, 2005). These authors also 
theorize that in the presence of CO2, which landfill gas contains, these metal oxides are 
converted to bicarbonates and carbonates. The carbonates can act as a buffer and keeping 
the pH high (above 10) to provide a more suitable environment for H2S dissociation to 
occur (Bagreev and Bandosz, 2005). 
Another mechanism possibly involved in the attenuation of H2S with coal ash 
may also be a function of the presence of CaO. Literature suggests that CaO reacts with a 
water film, if present on the ash to form Ca(OH)2. The Ca(OH)2 then reacts with H2S(aq) 
to form Ca(HS)2 and water. The Ca(HS)2 then can react with oxygen, if present, to 
produce elemental sulfur and Ca(OH)2, thus keeping the pH high and suitable for further 
H2S oxidation (Seredych et al, 2008). This process may result in yellow sulfur deposits 
in the spent adsorbent. However, there was no indication of elemental sulfur deposit 
through visual inspection. 
As previously discussed in Chapter 2, the use of an iron catalyst to oxidize H2S to 
elemental sulfur is sometimes employed. The ferrous iron (Fe II) reduction to ferric iron 
(Fe III) has been happening to oxidize H2S from volcanic activity to elemental sulfur for 
millions of years (McManus and Martell, 1997). Using this as an example, scientists and 
engineers use this concept to remove H2S from gas streams. Therefore, it is suspected 
that iron present in ash has aided in the conversion of H2S to elemental sulfur (Kastner et 
al, 2002; Kastner et al, 2003). Moreover, the type of iron that may be responsible for the 
conversion of H2S is believed to be Fe203, which, when reacts with H2S produces Fe2S3 
and H20 (McManus and Martell, 1997). Because coal ash is reported to have up to 15% 
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Fe2S3 present, there is potential for the iron to be responsible for in the attenuation of a 
portion of the H2S in the gas stream. 
4.2.5. Concentrations of Other Landfill Gases 
The concentrations of different gases were measured before entering and after 
exiting the column, (Table 4.5). It appears that the concentration of CH4, CO2 and O2 
were not affected by the coal ash attenuating the H2S. In addition to this, the 
concentration of the remainder of the gases (balance), which, other than the H2S and 
other trace gases that would not register on the GEM, is mostly inert nitrogen, was 
relatively unchanged. 
Table 4.5 Concentrations of Other Gases of Concern at the Landfill Gas Well and at the 
Sampling Port of the Experimental Column 
„ Percent Gas 
G3S 
Gas Well Port 1 Exhaust from Column 
cTu 52~7 52~5 
C02 18.4 22.6 
0 2 0.02 0.06 
Balance 26J 23A 
Total 97.82 98.56 
In this experiment, it was important to investigate if other gases, specifically 
(CH4), were attenuated. The goal of this experiment was to attenuate of H2S, only 
because CH4 can be beneficially used. CH4 from LFG is often combusted and used to 
create energy so the removal of it could negatively affect the operation of the landfill. It 
was important to document that H2S was attenuated while CH4 passed through the 
column unaffected, still allowing beneficial use of the LFG to produce energy. 
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4.3. C&D Waste Analysis 
4.3.1. Overview 
In the following section, C&D debris fines are characterized for sulfate, H2S 
production, as well as moisture and carbon content. In the first part of this section, the 
results of an experiment that compiled sulfate content of the C&D fines from C&D 
processing facilities is presented and discussed. The second part of this section presents 
the sulfur from the C&D fines that has been put in a landfill in comparison to the amount 
of H2S and sulfur that resulted in the landfill gas. The final part of this section presents 
the results of a loss on ignition (LOI) procedure on several samples of C&D fines. The 
results of this procedure include the moisture content, organic carbon content and 
inorganic content of the fines. 
4.3.2. Sulfate Content of C&D from C&D Processing Facilities 
Figure 4.3 presents the sulfate content of the C&D fines produced at different 
C&D processing facilities. The facilities include eight from Massachusetts, two from 
California and one from Oregon. As can be seen in Appendix B, the sulfate contents of 
the fines from each facility range from about 1.6% to about 15.2%, with an average of 
5.92%. The concentrations of sulfate are significant as the C&D fines may be disposed 
of in a landfill, often with waste or as a cover material. The production of H2S is caused 
by the biodegradation of the sulfate by sulfate reducing bacteria, as discussed earlier. 
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Therefore, the concentration of sulfate (as a source of H2S) is an important characteristic 
of C&D fines to document. 
Figure 4.3 Sulfate Content at Various Facilities 
The concentration of sulfate in the fines is a function of how the C&D processing 
facility is operated. If C&D processing facilities recycle more materials from the waste 
stream, then the percentage of sulfate may be "concentrated" as more materials are 
removed for beneficial use, but the sulfate (from gypsum drywall), remains. The material 
that exists in the C&D fines include soil, wood, paper, concrete, metal and gypsum 
drywall (Jang and Townsend, 2001, Musson et al, 2007). Certain facilities may 
mechanically screen out or sort out a larger amount of material, thereby concentrating the 
amount of sulfate from gypsum drywall (if drywall is in the waste stream). However, if 
the C&D processing facility removes the other materials from the waste stream for 
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recycling thereby producing fines with a large concentration of sulfate, the amount of 
fines will likely be less. Likewise the opposite may be true if the fines contain little 
sulfate. Ultimately, not only is the concentration of sulfate in the fines important, but the 
quantity of fines placed in the landfill as well, determines the mass of sulfate as a 
potential "source" which relates to the amount of H2S that can be produced. This will be 
illustrated further in the following section. 
4.3.3. Comparison of Sulfur Input from C&D Fines and Sulfur Output from H2S 
Gas at Several Landfills 
Graphs (4.4, 4.5 and 4.6) illustrate the quantity of sulfur placed in three different 
landfills from the use of C&D fines as ADC, the graphs also show the quantity of sulfur 
output in the form of H2S in the landfill gas and the H2S concentrations observed in the 
landfill gas collection system (e.g., at the flare). Describing when and how much H2S 
can be produced from an input of C&D fines could be beneficial for landfill owners and 
operators to know. As mentioned, H2S is undesirable in landfill gas. A more efficient 
preparation of the removal of the H2S from the landfill gas could be done if the operator 
of the landfill could estimate the concentration of H2S over the course of the landfill's life 
based upon what was put into the landfill. 
From the data given, it appears as though there is a lag between the input of C&D 
fines and the H2S readings. Figures 4.4 and 4.6 show that in Site 1 and Site 3, the highest 
H2S concentrations after most of the C&D fines were disposed of. Figure 4.5 indicates 
the greatest amount of H2S was produced after the C&D fines were placed in the landfill. 
Because of this discrepancy, it is not clear the exact correlation that exists between the 
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C&D fines and the production of H2S. In addition, the high concentrations of H2S may 
only be high at specific areas of the landfill, whereas the H2S data is from an entire 
section, if not the entire landfill. This may be due to where the C&D fines were placed or 
where other things that can produce high H2S concentrations such as sewerage were 
disposed of. 
Site 1 and Site 2 landfills did not have H2S data until most of the C&D fines were 
disposed of. The sulfur from the H2S in the landfill gas on the following graphs seems 
relatively negligible with the amount of sulfur present in the C&D fines. The amount of 
sulfur from the H2S is about two orders of magnitude less than that of the C&D fines 
indicating that the sulfur still must be in the sulfate form, which the fines were believed 
to be in, or the sulfur is in another form other than H2S. 
The molar equivalent of sulfur from the H2S in the landfill gas is also plotted on 
Figures 4.4-4.6. The amount of sulfur produced from H2S in the landfill gas in any of the 
three sites studied is a maximum of one percent of the sulfur input in the landfill in the 
C&D fines (Table 4.6). Therefore, seeing the trend of which years produced the most 
sulfur from the H2S in the landfill gas seems almost negligible compared to the amount of 
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Figure 4.4 Comparison of Input of Sulfur from C&D Fines with ETjS Concentration 
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Figure 4.5 Comparison of Input of Sulfur from C&D Fines with H2S Concentration 
in Landfill Gas at Site 2 Landfill 
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Figure 4.6 Comparison of Input of Sulfur from C&D Fines with H2S Concentration 
in Landfill Gas at Site 3 Landfill 
The lag in H2S production from C&D debris is also noticeable in the Site 3 
Landfill, as can be seen in Figure 4.6. This landfill is divided into three sections, and 
each of these sections accepted C&D waste over different time periods. The data 
available suggests that C&D fines were placed in section 2 from January 2000 through 
August 2004, C&D fines were placed in section 3 from July 2004 through June 2008, and 
no data was available for section 1. Likewise, H2S data was collected from collection 
points that cover different sections of the landfill, as indicated in Figure 4.6. The highest 
concentrations of H2S occur in section 2, where the greatest amount of sulfur from C&D 
fines was disposed of. The collection points where landfill gas from section 1 and 2 as 
well as section 2 and 3 did not achieve H2S concentrations greater than 800 ppm. This 
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agrees with the conjecture that the amount of C&D fines and disposed of in a landfill is 
proportional to the amount of H2S produced. 
Table 4.6 compares the sulfur produced from C&D fines with the sulfur produced 
from the H2S in landfill gas at the three landfills studied. The sulfur from C&D fines and 
residuals is the weighted total of C&D fines at each, and this was found by multiplying 
the total amount of C&D fines and residuals by the percent sulfur, which was in the form 
of sulfate. The sulfur from the H2S in LFG was found by taking the amount of landfill 
gas produced and multiplying it by the percent H2S. This value was then converted to a 
weight by the specific weight of H2S. It appears that the amount of sulfur produced in the 
form of H2S is one percent or less of the amount of sulfur placed in the landfills in the 
C&D fines. Other sulfate may exist in the landfill as well from sources such as sewerage, 
thus the actual amount of sulfur input into the landfill may be larger than the values listed 
in Table 4.6. 
Table 4.6 Percent Sulfur in H2S from C&D Fines 
Sulfur from C&D Sulfur from Percent Location Fines and H2S in LFG . . . 













4.3.4. Moisture Content/LOI 
Table 4.7, contains the results of the loss on ignition (LOI) procedure. This test 
describes the moisture content, organic carbon, inorganic carbon and the total loss on 
ignition of the C&D fines. All of the fines sampled, except CA_1, have a moisture 
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content in the range of 14 to 15%. These results are significant because moisture content 
is important in the reduction of sulfate to H2S (Postgate, 1984). When the gypsum 
drywall in the C&D fines become wet, sulfate solubilizes and the sulfate reducing 
bacteria can use this sulfate as a terminal electron acceptor to produce H2S (Yang et al, 
2006). In addition to this, if the C&D fines are landfilled, there should be enough 
moisture provided by rain infiltrating the landfill as well. Additional moisture can also 
be provided when leachate recirculation is performed in order to increase methane 
production. 
Table 4.7 Moisture Content, Inorganic and Organic Carbon Contents of Analyzed C&D 
Fines 
. . .
 x Organic Inorganic Loss on 
Location Moisture a. ° . . . . . . . 




















The organic carbon that is present in the fines range from 7.6% to 16.7%. Organic 
carbon is a requirement of sulfate reduction and the organic carbon present in the fines is 
likely due to the presence of wood and paper, which are common in C&D fines (Yang et 
al, 2006). However, because these fines are utilized in an MSW landfill, there would be a 
sufficient amount of organic carbon in the MSW waste for the sulfate reducing bacteria to 
use. Therefore, it is unlikely that MA_2 fines (which contain the maximum amount of 
organic carbon) would have a tendency to produce a greater amount of H2S if landfilled. 
Finally, inorganic carbon ranges from less than 1% to over 12%. This is the carbonate 
material that is liberated as CO2 if the sample is heated to a temperature of at least 850°C 
(Dean, 1974). 
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Lastly, the total LOI is also shown in Table 4.3.4.1. The samples all had an LOI 
of between 25% and 33%. These values show the total mass of the moisture, organic 
and inorganic carbon of a sample produced by heating to a value of about 1000°C (Dean, 
1974). These values are significant depending on what kind of industry in which the 
sample is used. The LOI procedure is used in the cement industry, where the LOI would 
be used to determine the amount of mass lost if the cement material were to be heated in 
a kiln. Likewise, it is used by combustion engineers to see what amount of mass would 
be lost if a sample was heated to a temperature of 950°C (ASTM D121-09). 
4.4. Investigation of Hydrogen Sulfide Production from Exhausted Materials 
4.4.1. Overview 
The following section shows the results of an experiment to see if hydrogen 
sulfide (H2S) can be produced from materials that have already attenuated H2S. As 
mentioned in the previous chapter, the different materials include the four ashes used for 
the ex-situ landfill gas experiment, sulfur cake and paper made with zeolite that has been 
used for H2S removal. These materials have been put into an anaerobic environment 
(simulated landfill) and monitored for several parameters. The results of the parameters 
measured are included in this section. 
4.4.2. pH of Experimental Columns 
The pH of the different samples as well as the pH of the RO water and leachate 
added to the samples can be seen in Figure 4.7. Recall that the pH of the leachate of the 
different ashes ranged from 6.36 to 11.67. However, in this experiment, the pH seems to 
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be completely dependent on the pH of the RO water added or the leachate added. As 
previously stated, the RO water was added for the first 53 days of the experiment, and 
leachate from a closed landfill was added to replace the leachate removed from the 
columns. It appears that the leachate from the columns is between about 5.5 and 7 with 
the addition of RO water. When leachate was added to the columns the pH was slightly 
higher, mostly between 7 and 8. 
Figure 4.7 pH of Leachate from Experimental Columns 
As mentioned in the previous section, the pH of the different samples was 
measured periodically throughout the experiment. According to Postgate, most SRB 
tolerate a pH in the range of 5 to 9.5 (Postgate, 1984). Therefore, it seems that all the 
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column environments would be able to sustain SRB which could reduce sulfate to H2S, 
when considering pH only. 
The form and amount of sulfur that exists in each column is not known, except the 
column containing sulfur cake, which can be estimated. This column contains 
approximately 4.4g of sulfur since there is 5g sulfur cake at about 87% sulfur (see 
Chapter 2). As previously discussed, is suspected that the form of sulfur that exists in 
each sample prior to biological activity is sulfide (S "). Because the pH is low, the 
species of sulfur that exists will most likely be in the form of dissolved HS" ions and H2S 
as the pKa's are about 7 and 13 (Benjamin, 2002). Therefore, if sulfur in the form of 
sulfide has formed on the samples when the ash was tested to see if it could attenuate 
H2S, it may have the potential to produce H2S in liquid or gaseous form. 
4.4.3. Oxidation Reduction Potential of Experimental Columns 
The oxidation reduction potential (ORP) of the leachate from all samples as well 
as the RO water and leachate is shown in Figure 4.8. As can be seen from this figure, the 
RO water had an ORP of about 100 mV whereas the leachate added was about -68 mV. 
Generally, the ORP was higher when the RO water was added to the columns and when 
the leachate was added, the ORP decreased to more negative values. It is also clear on 
Figure 4.8 that the ORP was low towards the beginning of the experiment. This low ORP 
at the beginning may be due to a large amount of microbial activity creating a reducing 
environment that was present in the columns. 
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Figure 4.8 Oxidation Reduction Potential of Leachate from Experimental Columns 
While not always a reliable measurement, ORP is an indication of a reducing or 
oxidizing environment, with a more negative ORP being more reducing and a positive 
ORP indicates an oxidizing environment. According to Postgate, the oxidation-reduction 
(redox) potential of the environment in which SRB conduct their metabolic functions 
most efficiently is below -150 to -200 mV (Postgate, 1984). Therefore, it is likely that 
after the introduction of leachate from the landfill, the SRB will tend to produce a greater 
amount of H2S because ORP of the leachate was much lower than that of the RO water. 
There is a high amount of variability in measuring the ORP of the leachate of the 
columns. One reason that may account for this is the exposure to oxygen in removing the 
leachate from the column and reading the ORP with the YSI probe. The ORP value will 
likely increase if the column is exposed to oxygen. Likewise, if any of the experimental 
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columns is not completely sealed, oxygen may infiltrate, increasing the ORP. This did 
not appear to be a significant issue in any of the columns; however, it is virtually 
impossible to ensure an entirely anaerobic condition for all columns. 
4.4.4. Dissolved Oxygen Concentration of Experimental Columns 
The concentration of dissolved oxygen (DO) in the leachate in each column is 
shown in Figure 4.9. The RO water, which was added to the columns from the beginning 
of the experiment until day 53, had a DO concentration of almost nine, whereas the 
leachate which was added after the RO water had a DO concentration of less than one. 
As one would suspect, the DO of the columns generally decreased once the leachate was 
added. 
Figure 4.9 Dissolved Oxygen of Leachate from Experimental Columns 
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The DO, as well the ORP, of the leachate of the columns is an indication of the 
reducing conditions of the leachate (Jang and Townsend, 2003). The closer to zero, the 
more reducing the environment is. So, because the columns studied were maintained to 
be anaerobic, or without oxygen, a lower DO (less than one) was expected. The DO may 
not have achieved this value because the experimental column was not 100% sealed. 
Further, when the DO is analyzed the leachate comes in contact with the air, which will 
increase the DO. The DO of the leachate may not be an exact reflection of what type of 
an environment each area of the column is. Because the DO is not zero, there may be 
areas in which air exists in the column. However, there may also be pockets of the 
column in which there is no air and the SRB can reduce the sulfate to produce H2S. 
4.4.5. Sulfide Concentration and Sulfide Relationships of Experimental Columns 
The sulfide measurements from the leachate for the columns can be seen in Figure 
4.10. There was a dramatic increase in sulfide concentrations in all columns once the 
leachate from a closed landfill cell was added on the 60th day of the experiment. Before 
this, sulfide concentrations generally were below 1 mg/L, whereas after the addition of 
leachate, sulfide concentrations in some columns were above 30 mg/L. Even though the 
sulfide concentration of the leachate added to the columns was 0.16 mg/L, the sulfide 
concentrations may have increased due to the SRBs that exist in the landfill leachate. 
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Figure 4.10 Sulfide Concentrations of Leachate from Experimental Columns 
The sulfide concentrations can be in the form of total sulfides, H2S, HS", or metal 
sulfides (HACH Method 8131). Therefore, the exact form of the sulfides is unknown, 
but there can be speculation based upon the pH and ORP. From Figure 4.10, it appears 
that the highest sulfide concentrations exist at a pH of about 7. This neutral pH exists in 
the aforementioned range in which SRB have the potential to reduce the most sulfur. 
Because the first dissociation constant is about 7, it is likely that sulfur exists in nearly 
equal forms of H2S and HS". Nearly no sulfides exist when the pH is below 7. This lack 
of sulfides may be due to the fact that RO water was added to the experimental columns 
and generally produced a pH of less than 7 (Figure 4.11). So, although it has been 
shown in previous research that the sulfide concentration is directly related to pH 
(Connell and Patrick, 1968); in this experiment, the sulfide concentration may have been 
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Figure 4.11 Sulfide and pH Relationship of Experimental Columns 
Likewise, there appears to be a relationship between the sulfide concentration and 
the ORP of the leachate from the columns. The higher sulfide concentrations generally 
occur at an ORP approaching -300mV (Figure 4.12). The columns containing sulfur 
cake, zeolite paper, Ash 1 and Ash 2 displayed high sulfide concentrations and had a 
more negative ORP. Again, it is noted that with an ORP below -200 mV, it is more 
likely that the SRB are active (Postgate, 1984). Because of this, the sulfide, especially at 
this ORP, will be in the form of H2S (Connell and Patrick, 1968). At a neutral pH, which 
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is close to what most of the data is, The other columns may not have high sulfides in 
them for several reasons. Perhaps the sulfur is in another form such as sulfate. 
-360 -300 -120 -60 0 60 120 
ORP (mV) 
Figure 4.12 Sulfide and ORP Relationship of Experimental Columns 
4.4.6. Hydrogen Sulfide Concentrations of Experimental Columns 
The purpose of this experiment is to see if H2S can be produced from materials 
that have previously attenuated H2S and are put back into an environment that would be 
conducive to sulfur reduction. Although these columns contained varying amounts of 
sulfur, it appears that the amount of sulfur lost in the form of sulfides in the leachate and 
H2S gas from the column was not rate limiting. Less than 22 % of the sulfur was lost in 
the column containing ZeoBloc ™. The other columns had a loss of less than 10%. 
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Figure 4.13 shows the H2S concentrations from the different columns. Because 
the graph is plotted on a logarithmic scale and several of the samples were at 0.000 ppm 
H2S, they were plotted as 0.001 ppm, since the JEROME has an error of+/- 0.003 at this 
of a concentration. Although most of the readings were low, mostly less than 1 ppm, the 
column containing sulfur cake on had a concentration of 50ppm, 190ppm and on the last 
day of the experiment had a concentration of 640ppm. The concentrations of H2S, 
however, generally did increase with the addition of leachate from the landfill that began 
midway through the experiment. There may be a greater number of SRB in this leachate, 
which indicates that a greater amount of H2S can be produced. However, even though 
the concentrations of H2S may be low at this time, it does not mean that these materials 
will not regenerate H2S. 
Figure 4.13 H2S Concentrations of Experimental Columns 
79 
While the H2S concentrations were relatively low, there were differences between 
some of the experimental columns. As mentioned, the column containing sulfur cake on 
several occasions produced high concentrations of H2S. This column also had high 
concentrations of sulfides, and this can be seen further which can be seen in Appendix C. 
Assuming the sulfur present in the sulfur cake was elemental sulfur with an oxidation 
state of zero; the sulfur could have been reduced to an oxidation state of-2 due to the 
bacteria that may have been present, pH and ORP. In the other columns, the H2S values 
may have been low for several reasons. As stated earlier, with a higher than normal DO, 
oxygen intrusion may have hindered the production of H2S, as sulfur reduction occurs in 
a reducing environment. In addition, the H2S readings are taken only from one section of 
the column. This area of the column is not necessarily indicative of what kind of gases 
may be present in the entire column. 
4.5. Examination of Materials Used for Hydrogen Sulfide Inhibition 
4.5.1. Overview 
This section contains the results of an experiment in which different materials 
were mixed with construction and demolition (C&D) debris fines to determine if they 
have the potential to inhibit the production of hydrogen sulfide (H2S). The materials 
investigated in this experiment were lime ((CaOH)2), quicklime (CaO), unused Ash 1 
from the ex-situ landfill gas experiment, and a zeolite powder. Like the experiment 
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discussed previously, the same parameters (pH, ORP, DO, etc) were recorded to evaluate 
column and material performance. 
4.5.2. pH of Experimental Columns 
The pH of leachate from the different columns is presented in Figure 4.14. It is 
clear there is a disparity between the pH of the leachate of the columns which contained 
lime or quicklime and the rest of the columns. As previously mentioned, the pH of lime 
and quicklime is above 12. In the columns that contain these materials, the pH generally 
remains near this level. The other columns remain relatively neutral throughout the 
experiment. The exception to this is on day 109, when the pH of the columns did not 
follow the trend. All of the columns were approximately 10, except the columns 
containing Ash 1 and Zeobloc. Therefore, it is likely that there was either an error in 
sampling or the YSI probe, which read pH, was not working properly. 
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Figure 4.14 pH of Leachate from Experimental Columns 
The sulfate present in the C&D fines, which all these columns contain, will have 
the tendency to reduce to H2S if placed in an anaerobic environment and have a carbon 
source such as the paper which C&D is known to contain. The pH of the environment is 
also an important parameter of sulfate reduction. As mentioned earlier, the pH of SRJB 
needs to be relatively neutral in order to most efficiently reduce the sulfate. Thus, a pH 
of about 12 is not conducive to sulfate reduction. At this pH, the sulfur more likely will 
be in the S2" or SO4" (Appendix F). However, high H2S concentrations can still occur in 
these columns because the high pH does not necessarily occur throughout the entire 
experimental column. It was assumed that in those columns containing lime or quicklime 
in addition to the C&D fines, the contents were completely mixed. This is not 
necessarily entirely true because pockets may exist in which the lime or quicklime may 
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not be in contact with the C&D fines and the carbon source. Because of this, H2S can be 
produced in these regions and detected by the JEROME meter when sampling. 
4.5.3. Oxidation Reduction Potential of Experimental Columns 
The oxidation reduction potential (ORP) readings from the leachate from the 
columns is presented in Figure 4.15. Negative ORP values can be seen in the first two 
weeks of the experiment. Like the previous experiment, this drop in ORP may be due to 
a ratio of RO water to solids in the experimental column in which SRB work best, as less 
RO water has been added than later in the experiment. Also, with the addition of leachate 
from the landfill, the ORP values of the leachate from the columns all became more 
negative. This may indicate that a more reducing environment is present. Again, SRB 
work best in an environment with an ORP below -200 mV. Such a low ORP was 
achieved only on day 109 and day 158 of the experiment for both columns containing 
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Figure 4.15 Oxidation Reduction Potential of Leachate from Experimental Columns 
According to Postgate, sulfate reduction can only occur at a redox potential below 
-150 mV (Postgate, 1984). Several of these columns contained leachate at or above this 
threshold during the first part of the experiment, which may indicate the low H2S 
concentrations. However, it is important to note that the ORP values from the leachate 
collected from the columns may read slightly higher than the actual ORP. This is 
because the leachate comes into contact with the air between when it exits the column 
and is measured, and this may increase the ORP. 
4.5.4. Dissolved Oxygen Concentrations of Experimental Columns 
The dissolved oxygen (DO) concentration of the leachate of the different columns 
is presented in Figure 4.16. The DO of the leachate remained lower than the RO water, 
which was added during the first few weeks of the experiment. This may indicate that a 
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more reducing environment was present. However, even with the addition of leachate 
from the closed cell of a landfill, with a DO concentration of less than 1 mg/L, was 
added, there was no decrease in the column leachate DO. In fact most of the columns 
showed an increase in DO concentration. 
Figure 4.16 Dissolved Oxygen of Leachate from Experimental Columns 
As previously mentioned, these columns are designed to be anaerobic, but this 
condition is not met. The aerobic environment of the experimental columns should 
change quickly as the columns are to be sealed and thus oxygen not permitted to enter the 
columns. However, all columns, except the column containing the C&D fines and Ash 1 
never had consecutive readings below 2 mg/L. Again, these high DO values may be due 
to leaks in the columns and the leachate from the experimental columns coming in 
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contact with the air before the values are read. Because of potential leaks in the column, 
the H2S values may not have been as high as they had the potential to be. 
The DO values may also have been higher than expected in the columns 
containing the lime and quicklime due to the presence of oxygen. If the OH" or O " 
dissociates then more oxygen is present and the pH will increase. As can be seen from 
Figure .17, the DO of the columns containing lime and quicklime never dropped below 2 
mg/L and generally stayed above 3 mg/L. 
4.5.5. Sulfide Concentration and Sulfide Relationships of Experimental Columns 
The sulfide concentrations from the H2S inhibition experiment columns can be 
seen in Figure 4.18. Sulfide concentrations were generally below 0.2mg/L until about six 
weeks into the experiment, when the concentrations increased slightly. The column that 
experienced the greatest concentrations of sulfides was the column containing the first 
C&D fines and lime column. The leachate from this column had sulfide values of above 
1.5 mg/L on three occasions. The next highest sulfide concentration was 1.025 mg/L, 
and this was from the column containing the C&D fines only. These values are much 
lower than the sulfide values obtained in the previous experiment. The reason for this 
may be due to the fact that C&D fines contain sulfur in the form sulfate, whereas in the 
previous experiment, it is suspected that sulfur is present in the elemental sulfur form. 
When the pH is neutral or greater and the ORP is above -200 mV, sulfur is more likely to 
be in the sulfate form instead of the sulfide form, according to thermodynamic tendencies 
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of sulfur species. Therefore, it appears that the SRB are not as active as in the previous 
experiment. 
Sulfide is the end product of sulfate reduction (Postgate, 1984). Since the average 
sulfate content of C&D fines was found to be almost six percent, one would expect 
higher concentrations of sulfide in the leachate. One reason that the sulfide 
concentrations of the experimental columns were so low is that the sulfate is not being 
efficiently reduced to sulfide. In columns that contain lime and quicklime, the pH was 
near 12, which negatively affects sulfate reduction (Figure 4.18). As mentioned, the ORP 
of the leachate from the columns generally did not go lower than -200 mV except on day 
144 and 158, and the DO did not go below 1 mg/L. These conditions may indicate that 
the SRB did not have a suitable environment for sulfate reduction. 
However, the columns that contained lime, quicklime, Ash 1 and Zeobloc were 
suspected to inhibit the production of H2S. The SRB would be less active in these 
columns and because of this, the sulfide concentration would be lower then the control 
(C&D fines only) column. Despite this, these experimental columns did not produce 
leachate that contained a substantial amount of sulfides. Again, this may be due intrusion 
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Figure 4.18 Sulfide and pH Relationship from Leachate of Columns 
88 
There does not seem to be as strong a correlation between the sulfides present in 
the leachate and the ORP of the leachate, as can be seen in Figure 4.19. Generally, there 
were no sulfide concentrations above 2 mg/L except with one reading of the columns 
containing C&D fines and quicklime. When this sample was taken, there was 
insufficient leachate to sample the ORP, so the corresponding ORP of this sample is 
unknown. However, the general trend of this graph comparing ORP and sulfide indicates 
higher sulfide readings closer to about -175 mV for the columns containing only the 
C&D fines and the C&D fines with Ash 1. No similar or other apparent trend existed for 
the other columns. 
As previously stated, ORP is measured because it is can indicate to what degree 
the environment is reducing or oxidizing. Sulfides are measured, and as can be seen from 
the results of the previously described experiment, the sulfide concentration of the 
leachate is generally higher at a more negative ORP. The results of this experiment 
indicate that SRB are more active in reducing sulfate, which is present in the C&D fines, 
to sulfide at an ORP of about -175mV. Also, the ORP of the columns was never 
recorded at a value below -250 mV, except on day 158 where the column containing the 
C&D fines and lime had an ORP of-250 mV. Thermodynamically, the ORP needs to be 
below about -200 mV at a neutral pH and even lower if the pH is higher in order for the 
sulfur to be in the reduced sulfide form. Therefore, the ORP indicates that the SRB were 
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Figure 4.19 Sulfide and ORP from Leachate Relationship of Columns 
4.5.6. Hydrogen Sulfide Concentrations of Experimental Columns 
Like the previous experiment, H2S readings were taken weekly. Similar to the 
previous experiment, the sulfur lost in the form of sulfides in the leachate and H2S gas 
was determined to see if it was rate limiting. The columns in this experiment have lost 
less than 0.003% of sulfur in these forms, and therefore the sulfur loss is assumed not to 
be rate limiting. However, because the columns in this experiment contain C&D fines, it 
is assumed that significant amounts of sulfur may be present in the form of sulfate. This 
sulfate present may have dissolved in the leachate of these columns and been removed. 
As can be seen in Figure 4.20, all columns showed little H2S production when RO 
water was added (until day 53). Beginning on day 99 of the experiment, H2S 
concentrations of 0.5ppm were recorded in the columns containing the C&D fines with 
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Ash 1 or the C&D fines with the Zeobloc. In addition, the maximum concentration of 
H2S observed was 13ppm, which occurred with the column which is called 
Fines_Lime_2. This is not necessarily representative of the entire column because 
columns were only taken at a discrete point of the column. 
Also, the H2S concentrations increased with the addition of leachate from the 
closed section of a landfill, which was first added on day 60 of the experiment. It is clear 
that all the columns increased by at least an order of magnitude from where they were on 
day 60 of the experiment. The increase in H2S concentration is not surprising because of 
the low DO and ORP of the leachate added to the columns. In addition, the increase in 
H2S concentration later in the experiment may be due to more sulfate reducing bacteria 
that have been given the opportunity to grow in the experimental columns. As SRB are 
given more time in a column that contains little oxygen, it may give the bacteria more 
time to reproduce and thus produce more H2S. 
Still the concentrations of the different columns were generally low. This may be 
due to the size of the experimental columns. In previous similar experiments (Yang et al, 
2006, Jambeck et al, 2008), the experimental columns were much larger. Therefore, the 
amount of carbon and number of bacteria has the opportunity to be greater. In addition, 
all the columns, except the column containing only C&D fines, had materials that have 
the potential to inhibit the production of H2S. Therefore, these materials may be in fact 
stop the SRB to produce H2S, while the column containing only C&D fines may have not 
produced the expected amount of H2S. 
A further reason that may have lead to the inhibition of SRB in the experimental 
columns is the sulfur to carbon ratio, This ratio is taken from the amount of sulfur in the 
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form of H2S in landfill gas and was the average of those values attained in the first 
experiment. The total amount of carbon in the landfill gas was assumed to be from the 
CO2 and CH4, and these values were taken from the GEM readings, also in the first 
experiment. The average carbon to sulfur ratio found was about 333 to 1. Assuming that 
the same ratio existed in the experimental columns of the inhibition experiment, an 
inhibitory effect may have existed. The amount of sulfur present may need to be higher 
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Figure 4.20 H2S Concentrations of Experimental Columns 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
Hydrogen sulfide (H2S) has become accepted as a harmful and problematic gas 
emitted from landfills. As previously mentioned, this potentially dangerous gas can be 
produced from construction and demolition (C&D) debris, if landfilled. Therefore, this 
research consisted of examining alternative treatment of H2S in landfill gas at landfills, a 
comparison of input sulfur inputs and outputs at landfills and generation/prevention of 
H2S in the landfill setting. This research is composed of four different sections: an ex-
situ landfill gas experiment to evaluate H2S attenuation with industrial materials; C&D 
fines analysis; an in-situ landfill simulation to test H2S prevention; and an in-situ landfill 
simulation experiment to evaluate H2S generation. 
The first experiment, the landfill gas ex-situ experiment, was designed to evaluate 
various ashes for attenuating hydrogen sulfide from landfill gas. Of the four different 
ashes tested, it appears that Ash 1 was able to attenuate the greatest amount of H2S per 
mass of ash at 73.80 milligrams H2S per gram of ash. Similarly, this ash was able to 
attenuate 26.57 milligram H2S per cubic centimeter of ash. The mechanism of 
attenuation of H2S is believed to be oxidation, but adsorption may have also accounted 
for some of the attenuation. Factors including pH of the environment, presence of water 
as well as surface area of the ashes may have contributed to the attenuation of H2S. In 
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addition, metals such as iron(II), and metal oxides such as calcium oxides may have been 
responsible for the conversion of H2S to a higher oxidation state of sulfur. 
The use of ash may be a more favorable option for landfill operators to utilize 
because of its ability to preferentially attenuate H2S in landfill gas (leaving methane still 
to be beneficially used). Also, because ash is a byproduct rather than the primary product, 
it may be less expensive than other H2S scrubbing materials. In order to show that ash is 
a desirable alternative to other H2S scrubbing systems, these ashes should be tested on a 
larger scale. The ash could be tested to treat the flowrate of an entire landfill gas well. 
The second study involved the characterization of construction and demolition 
(C&D) fines for sulfate, moisture and carbon content. In addition, the input and output of 
sulfur in terms of sulfate from C&D debris fines and sulfur in landfill gas was presented. 
The sulfate content of C&D fines was determined because it is one of the sources of H2S 
in the landfill setting. It was found that the range of sulfate content of the C&D fines 
from C&D processing facilities wasl.6% to about 15.2%, with an average of 5.92%. In 
addition, the amount of sulfur output in the form of H2S in landfill gas compared with the 
amount of sulfur input in the form of sulfate from C&D fines ranged from 0.18%o to 
1.00%. 
The percent sulfate in C&D fines as well as the quantity of C&D fines is 
significant to landfill operators. A relationship exists between the sulfur input in the form 
of sulfate from the C&D fines and the amount of sulfur output in the form of H2S in 
landfill gas. This relationship is important because H2S is undesirable in landfill gas, and 
because understanding the relationship allows landfill operators to better estimate the 
amount of H2S produced. Examinations of the inputs of sulfate and outputs of H2S from 
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other landfills also would give a better understanding of the relationship that exists 
between the two. Other factors such as climate and landfill operation can vary and will 
likely affect this relationship. 
The third area of study of this paper involved the investigation of H2S production 
from exhausted materials, or those materials that have already attenuated H2S. These 
materials were placed in an environment similar to a landfill in that it is designed to be 
anaerobic with organic carbon is present. From this study, it was found that the material 
that is most inclined to regenerate H2S was the sulfur cake. The column containing this 
material had sulfide concentrations of over 30 mg/L, which is more than twice the 
concentration of the column that had the next highest sulfide concentration. Likewise, 
the column that contained sulfur cake produced H2S concentrations as high as 640 ppm. 
The highest concentration of H2S in other columns was 6.2 ppm. 
As mentioned, the purpose of this study was to investigate whether these 
materials would regenerate H2S. Although it was found that the column containing the 
sulfur cake produced high concentrations of H2S, further studies may be needed to affirm 
this result. The results of columns that did not produce high concentrations of H2S do not 
necessarily indicate that these materials will not produce H2S if placed in a landfill. The 
columns were maintained similar to a landfill, but conducted on a larger scale, may 
produce different results. 
The final study examined different materials that could be used to prevent the 
production of H2S. The columns contained C&D fines, which have been shown to 
produce H2S when placed in a landfill environment, and mixed with other materials to 
see how/if they could inhibit H2S production. The column containing only C&D fines 
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was intended to be the control column, producing uninhibited H2S concentrations. In this 
experiment, this was not found as the control column failed to produce high 
concentrations of H2S. In fact, several of the other columns produced H2S concentrations 
higher than the control. However, none of these concentrations were higher than 5ppm, 
except one reading of 13 ppm. 
Further study needs to be conducted on these materials to investigate if they can 
inhibit the production of H2S. All materials have a potential ability for inhibition, yet the 
results of this experiment do not necessarily affirm this. If the columns were larger and 




RECOMMENDATIONS IF RESEARCH WERE REPEATED 
• Ex-situ Landfill Gas Experiment 
o Ensured uniform particle size in experimental columns so as to improve 
landfill gas contact with the ash and improve kinetics 
o Investigated how much sulfur was present after experiment was conducted 
to see if H2S attenuation was uniform throughout the experimental 
columns 
• C&D Waste Analysis 
o Performed C&D study on different facilities outside of New England and 
the western United States to better assess sulfate content 
• Investigation of Hydrogen Sulfide Production from Exhausted Materials 
o Added leachate from the landfill from the beginning of the experiment 
instead of RO water to be consistent 
o Used larger experimental columns so that sulfur production would be 
easier to notice as more may be produced in gas and leachate 
o Investigated the use of altering the temperature so as to simulate an 
environment more similar to that of a landfill 
o Normalized the amount of sulfur in each column to ensure that sulfides 
produced in the leachate and H2S in the gas can also be normalized 
• Examination of Materials Used for Hydrogen Sulfide Inhibition 
o Added leachate from the landfill from the beginning of the experiment 
instead of RO water to be consistent 
o Used larger experimental columns so that sulfur production would be 
easier to notice as more may be produced in gas and leachate 
o Examined the sulfate content of the leachate from the columns as much of 
the sulfur in the C&D fines is in sulfate form 
97 
REFERENCES 
Adib, F., Bagreev, A., Bandosz, T.J. (1999). "Effect of Surface Characteristics of Wood-
Based Activated Carbons on Adsorption of Hydrogen Sulfide." Journal of Colloid and 
Interface Science. 214, 407-^15. 
Agency for Toxic Substances and Disease Registry (2006). "Toxicological Profile for 
Hydrogen Sulfide." U.S Department of Health and Human Service, Public Health 
Service. 
Anderson, R., Jambeck, J.R., McCarron, G.P. (2009). "Hydrogen Sulfide Generation 
from Processed Construction and Demolition Materials in Landfills." Environmental 
Research and Education Foundation, Final Report. 
Baath, E., Frostegard, A., Pennanen, T., Fritze, H. (1995). "Microbial Community 
Structure and pH Response in Relation to Soil Organic Matter Quality in Wood-ash 
Fertilizer, Clear-out or Burned Coniferous Forest Soils." Soil Biology and Biochemistry, 
2, 229-240. 
Bagreev, A., Bandosz, T.J. (2005). "On the Mechanism of Hydrogen Sulfide Removal 
from Moist Air on Catalytic Carbonaceous Adsorbents." Industrial & Engineering 
Chemical Research. 44 (3), 530-538. 
Bagreev, A., Rahman, H., Bandosz, T.J. (2000) "Study of H2S Adsorption and Water 
Regeneration of Spent Coconut-Based Activated Carbon." Environmental Science 
Technology. 34, 4587-4592. 
Bandosz, T.J., (2002). "On the Adsorption/Oxidation of Hydrogen Sulfide on Activated 
Carbons at Ambient Temperatures." Journal of Colloid and Interface Science. 246, 1-20. 
Barlaz, M.A., Schaeger, D.M., Ham, R.K. (1989). "Bacterial Population Development 
and Chemical Characteristics of Refuse Decomposition in a 
Simulated Sanitary Landfill." Applied and Environmental Microbiology. 55 (1), 55-65. 
Benjamin, M. (2002). Water Chemistry. New York, New York, McGraw-Hill. 
Bishop, K.D., MacKay, S.G., Bilodeau, M.A. (2007). "Development of a Prototype 
Alternative Daily Cover." SWANA Landfill Symposium and the Planning & 
Management Conference. San Diego, CA. 
Calcium Hydroxide; MSDS No. C0407; Mallinckrodt Baker: Phillipsburg, NJ, 
November, 9, 2007. http://www.jtbaker.com/msds/englishhtml/c0407.htm (accessed 
1/15/09). 
98 
Calcium oxide; MSDS No. C0462; Mallinckrodt Baker: Phillipsburg, -NJ, November, 9, 
2007. http://www.jtbaker.com/msds/englishhtml/c0462.htm (accessed 1/15/09). 
Cornell, W.E., Patrick, W.H. (1968). "Sulfate Reduction in Soil: Effects of 
Redox Potential and pH". Science 159, 86-87. 
Cooper, CD., Alley, F.C. (1994). Air Pollution Control: A Design Approach. Prospect 
Heights, Illinois, Waveland Press, Inc. 
Cosoli, P., Ferrone, M., Prici, S., Fermeglia, M., "Hydrogen Sulfide Removal from 
Biogas by Zeolite Adsorption. Part II. MD Simulations." Chemical Engineering Journal. 
145, 93-99. 
Dean, W. E. Jr. (1974). "Determination of Carbonate and Organic Matter in Calcereous 
Sediments and Sedimentary Rocks by Loss on Ignition: Comparison with Other 
Methods." Journal of Sedimentary Petrology, 44, 242-248. 
Demeyer, A., Nkana, J.C.V., Verloo, M.G. (2001). "Characteristics of Wood Ash and 
Influence on Soil Properties and Nutrient Uptake: An Overview." Bioresource 
Technology, 77, 287-295. 
Dobrovolsky, V.V. (1994). Biogeochemistry of the World's Land. Boca Raton, Florida, 
CRC Press. 
Ducom, G., Radu-Tirnoveanua, D., Pascual, C, Benadda, B., Germain, P. (2009). 
"Biogas - Municipal Solid Waste Incinerator Bottom Ash Interactions: Sulphur 
Compounds Removal." Journal of Hazardous Materials, 166(2-3), 1102-1108. 
Fairweather, R.J., Barlaz, M.A. (1998). "Hydrogen Sulfide Production During 
Decomposition of Landfill Inputs." Journal of Environmental Engineering, 124 (4), 353-
361. 
Farquhar, G.J., Rovers, F.A. (1973). "Gas Production During Refuse Decomposition." 
Water, Air, & Soil Pollution, 2 (4), 483-495. 
Faust, S.D., Aly, O.M. (1998). Chemistry of Water Treatment. United States of America, 
CRC Press. 
Fenchel, T., King, G. M. & Blackburn, T. H. (1998). Bacterial Biogeochemistry: The 
Ecophysiology of Mineral Cycling. San Diego, CA: Academic Press 
Germida, J.J. (1998) Transformations of Sulfur. In "Principles and Applications of Soil 
Microbiology" (D.M. Sylvia, J.J. Fuhrmann, P.G. Hartel, and D.A. Zuberer, eds.) 
Prentice-Hall, Upper Saddle River, NJ, 346-368. 
99 
Gialet, C. Sexsmith, R. Girard, N. McCagherty, N. Carnegie, S. Yelland, Graubard, D. 
(2004). "ATCO Midstream's Gas Sweetening Experience Using Iron-Redox 
Technology." Hydrocarbon Engineering. 
Griffiths, C.T., Krstulovich, Jr., J.M (Date). "Utilization of Recycled 
Materials in Illinois Highway Construction." Illinois Department of Transportation 
Bureau of Materials and Physical Research. 
Gurijala, K.R, Ping, S., Robinson, J.A. (1996). "Statistical Modeling of Methane 
Production from Landfill Samples." Applied and Environmental Microbiology, 63 (10), 
3797-3803. 
Halstead, W. J. (1986). "Use of fly ash in concrete." Synthesis of Highway Practice 127, 
National Cooperative Research Program (NCHRP), Transportation Research Board, 
National Research Council. 
Ibraham, N.A. (2005). "Eco-Friendly Sulfur Dyeing of Cellulose Woven Fabrics." 
Polymer-Plastics Technology and Engineering, 44, 1059-1078. 
ICF Incorporated. (1995). "Construction and Demolition Debris Landfills." Contract No. 
68-W3-0008, U.S. Environmental Protection Agency, Office of Solid Waste. 
Jang, Y., Townsend, T.G. (2001). "Sulfate leaching from recovered construction and 
demolition debris fines." Advances in Environmental Research, 5, 203-217. 
Jang, Y., Townsend, T.G. (2003). "Effect of Waste Depth on Leachate Quality from 
Laboratory Construction and Demolition Debris Landfills." Environmental Engineering 
Science, 20, 183-196. 
Kastner, J.R., Das, K.C., Melear, N.D. (2002). "Catalytic Oxidation of Gaseous Reduced 
Sulfur Compounds Using Coal Fly Ash." Journal of Hazardous Materials, B95, 81-90. 
Kastner, J.R., Das, K.C., Buquoi, Q., Melear, N.D. (2003). "Low Temperature Catalytic 
Oxidation of Hydrogen Sulfide and Methanethiol Using Wood and Coal Fly Ash." 
Environmental Science Technology, 37, 2568-2574. 
Kohl, A.L., Nielson, R.B. (1997) Gas Purification. Gulf Professional Publishing, 
Houston, TX. 
Lee, S., Xu, Q., Booth, M., Townsend, T., Chadik, P., Bitton, G. (2006). "Reduced Sulfur 
Compounds in Gas from Construction and Demolition Debris Landfills." Waste 
Management, 26, 526-533. 
Lee, W.H., Reucroft, P.J. (1999). "Vapor Adsorption on Coal- and Wood-based 
Chemically Activated Carbons (III) NH3 and H2S Adsorption in the Low Relative 
Pressure Range." Carbon, 37, 21-26. 
100 
Li, K.T., Yen, C.S., Shyu, N.S. (1997). "Mixed-metal Oxide Catalysts Containing Iron 
for Selective Oxidation of Hydrogen Sulfide to Sulfur." Applied Catalysis A: General, 
156, 117-130. 
Liu, M., Kissel, D.E., Vendrell, P.F., Cabrera, M.L. (2004). "Soil Lime Requirement by 
Direct Titration with Calcium Hydroxide." Soil Society of America Journal, 68, 1228-
1233. 
Liu, W., Vidic, R.D., Brown, T.D. (1998). "Optimization of Sulfur Impregnation Protocol 
for Fixed-Bed Application of Activated Carbon-Based Sorbents for Gas-Phase Mercury 
Removal." Environmental Science Technology, 32, 531-538. 
Maier, R. M., Pepper, Ian L., Gerba, C. P. (2000). Environmental Microbiology, 
Academic Press, San Diego. 
McManus, D., Martell, A.E. (1997). "The Evolution, Chemistry and Applications of 
Chelated Iron Hydrogen Sulfide Removal and Oxidation Processes." Journal of 
Molecular Catalysis A: Chemical, 117, 289-297. 
Melendez, K. A. (2008). "An Investigation of Recycled/Industrial Materials to Attenuate 
Hydrogen Sulfide Resulting from the Use of Construction and Demolition Debris Fines." 
Dissertation, University of New Hampshire. 
Miller, M.M. (2009). "Lime." U.S. Geological Survey, Mineral Commodity Summaries 
Mumpton, F.A. (1999). "La Roca Magica: Uses of Natural Zeolites in Agriculture and 
Industry." Proceedings from National Academy of Sciences, 96, 3463-3470. 
Musson, S.E., Xu, Q., Townsend, T.G. (2007). "Measuring the Gypsum Content of C&D 
Debris Fines." Waste Management, 28, 2091-2096. 
MWH. (2005). Water Treatment: Principles and Design, John Wiley & Sons, Hoboken, 
NJ. 
National Energy Technical Laboratories (NETL). (2006). "Clean Coal Technology: Coal 
Utilization By-Products." Topical Report Number 24, US Department of Energy. 
Ober, J.A. (2008). "Sulfur." U.S. Geological Survey, Mineral Commodity Summaries. 
Organic Materials Review Institute (2002). "Calcium Hydroxide: Crops." National 
Organic Standards Board Technical Advisory Panel Review, 
Compiled by OMRI for the USDA National Organic Program 
Palmisano, A.C., Barlaz, M.A. (1996). Microbiology of Solid Waste, CRC Press, Inc, 
Boca Raton, Florida 
101 
Plaza, C, Xu, Q., Townsend, T., Bitton, G., Booth, M. (1997). "Evaluation of 
Alternative Landfill Cover Soils for Attenuating Hydrogen Sulfide from Construction and 
Demolition (C&D) Debris Landfills." Journal of Environmental Management, 84, 314-
322. 
Scherm, H., Savelle, A.T. (2001). "Control of Peach Scab with Reduced Midseason 
Fungicide Programs." Plant Disease, 85 (7), 706-712. 
Selene, C.-H., Chou, J. (2003). "Concise International Chemical Assessment Document 
53 Hydrogen Sulfide: Human Health Aspects." Agency for Toxic Substances and 
Disease Registry. 
Seredych, M., Strydom, C , Bandosz, T.J. (2008). "Effect of Fly Ash Addition on the 
Removal of Hydrogen Sulfide from Biogas and Air on Sewage Sludge-based Composite 
Adsorbents." Waste Management, 28 (10), 1983-1992. 
Slaton, N.A., Norman R.J., Gilmour, J.T. (2001). "Oxidation Rates of Commercial 
Elemental Sulfur Products Applied to an Alkaline Silt Loam from Arkansas." Soil 
Science of America Journal, 65, 239-243. 
Sulfur; MSDS No. S8138; Mallinckrodt Baker: Phillipsburg, NJ, November, 9, 2006. 
http://www.jtbaker.com/msds/englishhtml/s8138.htm (accessed 2/10/09). 
Tang, K., Baskaran, V., Nemanti, M. (2009). "Bacteria of the Sulphur cycle: An 
Overview of Microbiology, Biokinetics and Their Role in Petroleum and Mining 
Industries." Biochemical Engineering Journal, 44, 73-94. 
Townsend, T., Tolaymat, T., Leo, K., Jambeck, J. (2004) "Heavy Metals in Recovered 
Fines from Construction and Demolition Debris Recycling Facilities in Florida." Science 
of the Total Environment, 332, 1-11. 
Turner-Fairbank Highway Research Center (TFHRC). (2006). "Coal Ash/ Boiler Ash." 
June 28, 2006. http://www.tfhrc.gov/hnr20/recycle/waste/cbabsl.htm (accessed 
2/10/2009). 
"Criteria for Classification of Solid Waste Disposal Facilities and Practices; Identification 
and Listing of Hazardous Waste; Requirements for Authorization of State Hazardous 
Waste Programs, Final Rule." Federal Register. 61 (1 July 2006): 34251-34278. 
United States Environmental Protection Agency (U.S. EPA) (2003). "Toxicological 
Review of Hydrogen Sulfide." EPA/63 5/R-03/005 
United States Environmental Protection Agency (U.S EPA) (2007). "Municipal Solid 
Waste Generation, Recycling and Disposal in the United States: Facts and Figures for 
2006." Office of Solid Waste and Emergency Response, EPA-530-F-07030. 
102 
United States Environmental Protection Agency (U.S. EPA) (2008a). "Effects of Acid 
Rain - Surface Waters and Aquatic Animals." December 1, 2008. 
http://www.epa.gov/acidrain/effects/surface_water.html (accessed 1/6/2009). 
United States Environmental Protection Agency (U.S. EPA) (2008b). "Benefits of LFG 
Energy." May 21, 2008. http://www.epa.gov/landfill/benefits.htm (accessed 1/20/2008). 
Virta, R.L. (2008). 2007 Minerals Yearbook: Zeolites [Advanced Release]. U.S. 
Department of the Interior, U.S. Geological Survey. 
Yan, R., Liang, D., Tsen, L., Tay, J.H. (2002). "Kinetics and Mechanisms of HS 
Adsorption by Alkaline Activated Carbon." Environmental Science Technology, 36 (20), 
4460-4466. 
Yang, K., Xu, W., Townsend, T., Chadik, P., Bitton, G., Booth, M. (2006). "Hydrogen 
Sulfide Generation in Simulated Construction and Demolition Debris Landfills: Impact of 
Waste Composition." Journal of the Air & Waste Management Association, 56, 1130-
1138. 
Zhang, L., De Schryver, P., De Gusseme, B., De Muynck, W., Boon, N., Verstraete, W., 
(2008). "Chemical and Biological Technologies for Hydrogen Sulfide Emission Control 
in Sewer Systems: A Review." Water Research, 42 (1-2), 1-12. 
103 
APPENDIX A 
Experiment 1 Ex-situ Landfill Gas Experiment Results 
Ash 1; Mass = 0.40kg; Volume = 1.11 Liters 
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Ash 3; Mass = 0.22kg; Volume = 1.02 Liters 
A b s o l u t e 
S a m p l e T i m e 
























2 0 0 
2 1 0 
2 2 0 
2 3 0 
2 4 0 
2 5 0 
2 6 0 
2 7 0 
W e l l H 2 S 
C o n c e n t r a t i o n 
( p p m ) 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 5 0 0 
1 4 0 0 
1 4 0 0 
1 4 0 0 
1 4 0 0 
1 4 0 0 
1 4 0 0 
1 4 0 0 
1 4 0 0 
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1 4 0 0 
1 4 0 0 
1 4 0 0 
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1 2 0 0 
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3 1 . 0 0 
5 0 . 0 0 
180 .00 
2 6 0 . 0 0 
2 7 0 . 0 0 
310 .00 
3 1 0 . 0 0 
4 2 0 . 0 0 
4 2 0 . 0 0 
4 2 0 . 0 0 
4 3 0 . 0 0 
4 3 0 . 0 0 
4 6 0 . 0 0 
4 8 0 . 0 0 
5 6 0 . 0 0 
6 4 0 . 0 0 
7 9 0 . 0 0 
9 0 0 . 0 0 
1200 .00 
C o n c e n t r a t i o n 
a t t e n u a t e d 
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1 5 0 0 . 0 0 
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1 5 0 0 . 0 0 
1 4 9 9 . 9 9 
1 4 9 9 . 9 8 
1 4 9 9 . 9 8 
1 4 9 9 . 9 9 
1 4 9 9 . 9 3 
1 4 9 8 . 5 0 
1 4 9 4 . 9 0 
1 4 8 7 . 0 0 
1 4 6 9 . 0 0 
1 4 5 0 . 0 0 
1 3 2 0 . 0 0 
1 1 4 0 . 0 0 
1 1 3 0 . 0 0 
1 0 9 0 . 0 0 
1 0 9 0 . 0 0 
9 8 0 . 0 0 
9 8 0 . 0 0 
9 8 0 . 0 0 
9 7 0 . 0 0 
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3 0 0 . 0 0 
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A t t e n u a t e d 
M a s s S u l f u r 
( m g ) 





2 0 1 . 8 7 
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2 5 2 . 3 4 
2 5 2 . 3 3 
2 5 2 . 0 9 
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2 4 3 . 9 3 
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1 6 1 4 . 7 2 
1 8 6 6 . 2 0 
2 1 1 6 . 3 6 
2 3 6 3 . 4 9 
2 6 0 7 . 4 2 
2 6 7 4 . 0 4 
2 8 0 8 . 2 8 
2 9 9 8 . 3 8 
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4 1 8 6 . 0 7 
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Ash 4; Mass = 0.53 k g ; Vo lume = 0.53 Liters 
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Experiment 2 C&D Fines Analysis-Results 
Sulfate Concentrations of C&D Fines from Eleven Analyzed Facilities 
Facility Sulfate 
Reading (%) Average Facility 
Sulfate 











































































































































Experiment 3: Investigation of Hydrogen Sulfide Production from Exhausted 
Materials 
111 



































































Mass (%) Density (g/L) 
57% 22 
21% 513 
21 % 1300 
100% 






















































































Density (g/L) Volume(L) Volume % 
22 0.153 25% 
513 0.010 2% 
22 0.455 74% 
18.38 100% 0.618 100% 
112 
Experiment 3 Results 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































20 40 60 80 100 120 140 160 
Date 
Dissolved Oxygen Concentrations of Leachate from Experimental Columns 
120 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Control 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Sulfur Cake 
121 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Ash 1 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Ash 2 
122 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 













Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Ash 4 
123 




Experiment 4: Examination of Materials Used for Hydrogen Sulfide Inhibition 
Contents of Each Column 
C&D Fines 
Item Mass (g) Mass (%) Density (g/L) Volume(L) Volume % 
C&D Fines 423.42 100% 685.4 0.618 100% 
Total 423.42 100% - 0.618 100% 
C&D Fines + Ca(OH)2_1 
Item Mass (g) Mass (%) Density (g/L) Volume(L) Volume % 
C&D Fines 392.97 80% 685 0.573 93% 
Ca(OH)2 98.24 20% 2211 0.044 7% 
Total 491.21 100% - 0.618 100% 
C&D Fines + Ca(OH)2_2 
Item Mass (g) Mass (%) Density (g/L) Volume(L) Volume % 
C&D Fines 392.97 80% 685 0.573 93% 
Ca(OH)2 98.24 20% 221J 0.044 7% 
Total 491.21 100% - 0.618 100% 
C&D Fines + CaO 
Item Mass (g) Mass (%) Density (g/L) Volume(L) Volume % 
C&D Fines 402.82 80% 685 0.588 95% 
CaO 100.70 20% 3350 0.030 5% 
Total 503.52 100% - 0.618 100% 
C&D Fines + Ash 1 
Item Mass (g) Mass (%) Density (g/L) Volume(L) Volume % 
C&D Fines 286.88 80% 685 0.419 68% 
Ash 1 71.72 20% 360 0.199 32% 
Total 358.60 100% - 0.618 100% 
C&D Fines + Zeolite 
Item Mass (g) Mass (%) Density (g/L) Volume(L) Volume % 
C&D Fines 310.56 71% 685 0.454 73% 
Zeolite 123.84 29% 754.8 0.164 27% 
Total 434.40 100% - 0.618 100% 
126 
Results 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































120 140 160 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Fines 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
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120 140 160 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
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20 40 60 80 100 120 140 160 
Day 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 






























Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Fines and Ash-1 
Hydrogen Sulfide and Total Sulfide Concentrations of Leachate from Experimental 
Column: Fines and Zeobloc Powder 
136 
APPENDIX E 
Instrument Precision and Accuracy 
137 
JEROME® Hydrogen Sulfide Analyzer - Arizona Instruments 
Concentration 
0.001 to 0.099 ppm 
0.10 to 0.99 ppm 
1.0 to 9.9 ppm 















YSI556 Multi Probe System 
Parameter 
Dissolved Oxygen (% Saturation) 
Dissolved Oxygen (mg/L) 
pH 
Oxidation Reduction Potential 
Range 
0 - 500% Air Saturation 
0 - 50 mg/L 
0-14 pH units 
-999 - +999 mV 
Precision 
+/- 2% Air Saturation 
+/- 2 mg/L 
+/- 0.2 pH units 
+/- 20 mV 
DR/2000 Spectrophotometer - HACH 
Method 8131 (sulfide) 
Accuracy +/- 2% 
138 
APPENDIX F 
Oxidation Reduction Potential/pH Diagram for the Sulfur System 
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